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The three handbooks devoted to Elements of 
Terminal Ballistics are part of a group of hand- 
books covering the engineering information 
and quantitative data needed in the design and 
construction of Army materiel, which (as a 
group) constitutes the Engineering Design 
Handbook Series. 

The handbooks on Elements of Terminal Bal- 
listics present information on the fundamental 
principles governing the behavior of ammuni- 
tion in its final phase. Ammunition is produced 
with a great variety of final purposes in mind, 
and the designer must direct his endeavors 
toward obtaining the desired effects to the 
greatest possible degree within the limitations 
which consideration of weight, bulk, and safety 
impose. Any improvement in the effectiveness 
of ammunition will be reflected directly in re- 
duction in the time and quantity required for 
accomplishment of any mission, and may be 
sufficient to make the difference between defeat 
or victory. 

Because of the great variety of purposes for 
which ammunition is designed, and the com- 
plexity of the theories and engineering prin- 
ciples associated with each type, and which 
differ between these types in great degree, it 
has not been possible to present within practi- 
cable limits all of the factors of design or to 
give illustrative designs showing the applica- 
tions in existing ammunition. In'-sgme cases 
the necessity of maintaining • reasonable 
security level has also been a controlling factor. 

To offset these recognised limitations, both a 
reference and a bibliography have been pre- 
pared as a part of each major subdivision. The 
reference includes material for supporting 
statements made in the handbook text, and the 
bibliography provides for exU ided reading on 
the subject to Improve and «* T plify the under- 
standing of principles involv .J. 
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WORD 


The handbooks are presented in three 
PARTS, each of which constitutes a volume. 
PART ONE (AMCP 705-160* covers'-intro- 
ductory information, mechanisms for accom- 
plishing the desired effects, the character of the 
target as it influences the effect, and collection 
and analysis of data covering the mechanism of 
effect Chapter X provides a short history of 
terminal ballistics and briefly outlines current 
programs. Chapter 2 discusses the physical 
mechanisms by which damage may be inflicted 
upon targets; that is, it describes the various 
means of obtaining terminal ballistic effects. 
The emphasis is on the phenomenology involved, 
without application of the mec h a n is m s to spe- 
cific targets. Qualitative information is pre- 
sented in order to identify those parameters 
associated with each mechanism which influ- 
ence its effectiveness or damage capability. 

Chapter 3 discusses the ways in which vari- 
ous targets can be killed, incapacitated, or 
rendered incapable of performing their func- 
tions. The vulnerability of various target 
classes to appropriate kill mechanisms is de- 
scribed in detail, and particular emphasis is 
placed on the various features of each that are 
most susceptible to attack. Target parameters 
which influence the target vulnerability or 
damage-resistance capability are identified. A 
separate section is devoted to each of the fol- 
lowing target classes: personnel, ground ve- 
hicles, ground structures, and aircraft. 

Chapter 4 presents detailed technical in- 
formation concerning the physical processes 
involved in various kilt me ch a ni s m s. The 
processes are first described from the theoreti- 
cal point of view which forma the basis for 
scaling laws. Discussion of scaling laws is then 
presented, followed by a description of the 
experiments! techniques used in colle ct i n g data 
which are not specifically related to a particular 
iHgMMype. A separate section is devoted to 
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etch of tiie following; blast, thermal and 
nuclear radiation, fragmentation and penetra- 
tion, and detonation physics. 

PART TWO (AMCP 706-161) is devoted to 
the collection and analysis of data concerning 
the target toward which the mechanism of 
effect is directed. Methods of collecting termi- 
nal ballistic data are described that are 
specifically related to the incapacitation or de- 
feat of particular targets. Also discussed is the 
synthesis of these, data as necessary for the 
prediction of kill probabilities. A great deal of 
ballistic data is presented, v.iji most of the 
information included for the purpose of show- 
ing how raw* data from ballistic tests are or- 
ganised and presented. Some of the data, such 
as penetration curves and component damage 
data, should prove useful for general reference 
purposes. 

Of the four chapters constituting PART 
TWO, Chapter 5 is concerned with the incapaci- 
tation and mortality of personnel due to pro- 
jectiles, blast, theinal and nuclear radiation, 
and chemical and biological agents. Chapter 6 
is concerned with the incapacitation and defeat 
of ground vehicles in terms of test parameters 
for projectiles, armor material, and penetration 
formulas, and in terms of test and data genera- 
tion and analysis, lethality evaluation methods, 
and in the synthesis of kill probability from 
nuclear weapons. Chapter 7 deals with ground 
structural targets of various types in terms of 
full-scale experiments, model loading tests, 
analyses and tints to obtain response data, 
analysis of wartime bomb damage and of catas- 
trophic accidents, and with the synthesis of 
probabilities of ground target damage. Chapter 
8 Is a discussion of kill mechanisms in terms of 
aircraft damage, a consideration of damage to 
varioot aircraft components in both operational 
and test environments, methods of test and data 
generation, and the synthesis of data. 

PART THREE (AMCP 706-162) discusses 
the targets of the future, missiles and satellites, 
and the application of the principles discussed 
in PARTS ONE and TWO to the attack of these 


targets. Of the three chapters in PART 
THREE, Chapter 9 describes in a general man- 
ner such kill mechanisms as nuclear effects, 
particle beams, fragmentation, rendezvous type 
mechanisms, and electronic countermeasures, 
it also briefly describes certain currently un- 
feasible mechanisms. Chapter 10 provides a 
qualitative discussion of the major sources of 
vulnerability of missiles and of satellites. The 
characteristics of both, and of their components, 
are briefly described in terms of some of the 
means by which they may be defeated. Chapter 
11 discusses methods for obtaining terminal 
ballistic data on missile and space targets, as 
well as the means of using data for quantitative 
results. 

The handbooks were prepared under ti>- 
directinn of the Engineering Handbook Office, 
Duke University under contract to the United 
States Army. The material for the handbooks 
was prepared by Aircraft Armaments, Inc., 
with the technical assistance of the Ballistic 
Research Laboratories. Reviews and valuable 
contributions were made by personnel of the 
Frankford, Picatinny and Etlgewood Arsenals 
(now of the Munitions Command); the Engi- 
neer Research and Development Laboratory 
(now of the Mobility Command); and the Red- 
stone Arsenal of the Missile Command. 

Comments and inquiries on these handbooks 
should be addressed to Army Research Office 
(Durham), Box CM, Duke Station, Durham, 
N. C. 

Since preparation of the text of this hand- 
book, responsibility for design and for all other 
functions pertaining to Army materiel, includ- 
ing publication of this series of handbooks, has 
been assumed by the Army Materiel Command. 
Any indicated responsibility of the Ordnance 
Corps in this regard should be understood as 
the responsibility of the Army Materiel Com- 
mand. 

Information on resulting changes in hand- 
book designation, together with a current list 
of handbooks, is contained on the inside back 
cover. 




PREFACE 


Introduction, KiU Mechanisms, and Vulnerability, forming PART 
ONE of Elements of Terminal Ballistics, contains Chapters 1 through 4. 
Chapter 1 provides a brief history of terminal ballistics and a summary of 
current areas of interest in Terminal Ballistics. 

Chapter 2 describes the various kill mechanisms, that is, the mechan- 
isms for obtaining terminal ballistic effects. Chapter 3 covers target 
vulnerability for targets consisting of personnel, ground vehicles, aircraft, 
and surface and underground structures. Chapter 4 covers the collection 
and analysis of data concerning kill mechanisms, 

A glossary and an index are included as part of this handbook. 

The other handbooks which, together with this volume, comprise Ele- 
ments of Terminal Ballistics are : 

AMCP 706-161 (S) PART TWO, Collection and Analysis of 

Data Concerning Targets (U) 

AllCP 706-162 (S-RD) PART THREE, Application to Missile 

and Space Targets <U> 
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Chapter 1 (U) 

INTRODUCTION 

Section S— I Irief History of Terminal Ballistics 


1.1. PU NINETEENTH CENTURY 

It ccn be speculated that man has always had 
a deep Interest in increasing the effectiveness 
of the weapons he employed in his battle for 
survival. It was not until the time of Galileo 
and Newton, however, that scientific principles 
were developed and applied to problems asso- 
ciated with weapons and projectiles. The 
earliest problem to receive attention was that 
of determining the variation of range with the 
change of elevation angle, for a given gun, 
charge, and projectile. This may be considered 
tha beginning of the general field of ballistics 
and, in particular, of what is now called “ex- 
terior ballistics”. Science in the eighteenth 
century was occupied mainly with the develop- 
ment of mathematics, physics, and mechanics. 
The further application of these sciences to 
weapon problems was made in 1829 by the 
French engineer, J. V. Poncelet (1788-1867). 
Poncelet postulated a law of resistance for the 
penetration of projectiles into targets and con- 
ducted experiments to determine values for the 
two parameters involved. Poncelet’s resistance 
law is still used today, u are experiments to 
determine the parameters for new target nrn- 
terial* and projectile configurations. The work 
of Poncelet would appear to mark the begin- 
ning of what is now liuown as “terminal bal- 

(Mnainl field of ballistics must be classi- 
fies x tn ippued rather than a pure science, 
r.-vt rtp-a xts in moot applied sciences seem to 
'•* i presrted into relatively short periods of 

vk ,?r»in a particular external stimulus 
P'f u ces rapid advances in the field. It is per- 
.iAps unfortunate, but true, that the applied 
science of ballistics is stimulated by national 
or International situations of war. 


1-4. THE NINETEENTH CENTURY 
1-4.1. General 

During the nineteenth century, British mili- 
tary engineers were much concern'd with the 
design and construction of ships and land forti- 
fications to withstand penetration of solid pro- 
jectiles. The first recorded instance in which 
a projectile was fired from a rifled gun at 
armor for land fortifications was in 1860, when 
an 80-pounder Armstrong gun fired wrought- 
iron, flat-headed shot, and a 40-pounder fired 
cast-iron shot, at two iron embrasures 8 inches 
and 10 inches thick fixed in masonry work at 
Shoeburynaas (Ref. 1). Experiments with pro- 
jectile effect on armor occurred rapidly after 
this. A selection of these experiments follows. 

1-44. 1MI— Armor IhM wHft Various 
Material* 

Trials were conducted with wrought-iron 
armor backed with rigid materials, such as 
cast iron and granite, and backed with resilient 
materials, such ss timber, cork, and rubber. 
The results indicated that the hard backing 
increased the resistance to penetration but led 
to cracking and to failure of fastener*. 

1-44. mt-ltil Simulated Skip Tar«eta 

Ship hulls were simulated, and trials were 
conducted with s 1014 inch gun firing 800- 
pound cylindrical shot at 1420 ft/sec. There 
appears to have been a controversy at this time 
aa to whether flat-noee or ogival-noee shot was 
more effective against armor. It was reasoned 
that the ogival shape would be deflected more 
readily by sloped amor. 

1-4.4. 1M » ..laa d NrtHkaHa a s 

Masonry targets 14 feet thick were find on 
with 7-, 8-, 942-, and 10-inch guns at ranges 
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of 600 and 1.000 yards. Steel and cast-iron 
shot with hemispherical and elliptical (ogival) 
t»aari» were used. The damage was assessed as 
follows: 

1. 83 hits did aerioils damage. 

2. 64 bits would lufve silenced return Are. 

8. 86 hits destroyed the walls. 

Other trials at this time brought out the 
excellent qualities of chilled cast iron for shot. 
This type of shot became known as Palliser 
shot, after Sir VV. Palliser who suggested the 
idea. The trials also established the superiority 
of the ogival head over the blunt head. 

I-2J. 1871 S i mulated Ship Targets with 
Spaced Armor 

Two ahip targets were simulated. The first 
was protected by a single plate built up to a 
thickness of 14 inches. The second target was 
protected by an 8-ineh plate and a 6-inch plate 
separated by 9 inches of timber. The trials 
showed the superiority of the spaced armor. A 
series of trials was then conducted to deter- 
mine the optimum spacing and filler material. 
It waa concluded that a 6-inch apace filled with 
cement waa optimum. Apparently the spaced- 
armor technique was not widely used because 
no one knew quite how to employ it in the con- 
struction of fortifications. An interesting ob- 
servation was nude during these trials, how- 
ever, as quoted directly from Ref. 1. 

"It may be well to mention here a very 
remarkable result that waa obtained in the 
course of the early trials with plate-upon-plate 
structures. When void spaces were left between 
the plates of these structures, it was found that 
the of the Palliser shells collapsed com- 
pletely under the work they had to do in pene- 
trating t* 1 *"*, and, naturally, the effect pro- 
duced upon the target was thereby very much 
reduced.*' 

14A 1871— Ship Terre* Tee*i 

Trials wen conducted at Portland using the 
turret of the HMS Glatton as the target and 
the 12-inch, 26-ton gun of the HMS Hotspur, 
at 200 yards range, as the weapon. The turret 
armor was 14 inches thick. Two Palliser shots 


were fired with 86-pound charges. The results 
reported (Ref. 8) were that . . there was 
some damage done inside the turret, but the 
goat, rabbit, and fowl emerged unharmed.” 

1-4.7. 1« 7 * lert y Use el a Massive tipJeelv* 
Charge 

An item of allied interest during this period 
was the use of a large quantity (62,000 
pounds) of explosives to remove reefs in the 
East River in New York. There was appar- 
ently much speculation aa to the effect the det- 
onation of this quantity of explosives might 
have on structures in the surrounding area. It 
waa reported that many people left their homes 
fearing possible collapse. Curiosity apparently 
overcame fear, however, because an estimated 
250,000 people lined the river bank on the day 
of the blast The charge was set off in Septem- 
ber 1876, shattering millions of tons of rock. 
Eyewitnesses reported a rambling or shaking 
of the ground, the rising of a great mass of 
water to a height of 20 to 40 feet followed by 
an immense man of smoke. There was no re- 
port of damage to any of the nearby structures, 

1-3. THI TWINTUTH CMTURY THROUGH 
WORLD WAR 11 

During the early part of the twentieth cen- 
tury, military engineering interest was still 
centered is the field of penetration ballistics. 
However, during World War I several innova- 
tions were Introduced which were the forerun- 
ners of new areas of interest The airplane was 
Introduced as a weapon carrier, and air-to-air 
combat led to interest in what ia now called 
aircraft vulnerability. Chemical agents were 
introduced aa damage machaniama, ultimately 
leading to interest in personnel inc ap acita ti on 
by chemical and other m e ant. Interest in dam- 
age to structures by blest, rather than penetra- 
tion, arose from tbs poaaibUity of aerial bom- 
bardment and from the realisation that not all 
military targets could be fortified. 

Pertinent developments in other fields pro- 
vided f adlitiaa and Instrumentation for much 
more exacting work in terminal b all i s t i cs. It 
was during this period that the major bail is tics 
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research establishments were organized. In the 
United States, the Naval Ordnance Laboratory 
wl, formally established in 1929 and the Army 
Ballistic Research Laboratory was formally 
established in 1937. (Both of these had been 
functioning fcr a number of years prior to their 
formal activation under their present names.) 

During World War II many new ordnance 
items were developed and introduced (Ref. 2), 
Some of these items were the proximity fuze, 
shaped charge ammunition, guided missile, air* 
craft rocket, flame thrower, and atomic bomb. 
Each of these new developments opened vast 
new areas for investigations in terminal bal- 
listics. 

1-4. POST WORLD WAR II THROUGH 1740 

The largest area of terminal ballistic ac- 
tivity since World War II has been the atomic 
and nuclear weapons effects program. These 
operations were managed by the Armed Forces 
Special Weapons Project (AFSWP), and were 
participated in by all military services, as well 
<u by numerous educational and industrial or- 
ganizations. The new damage mechanisms of 
blast, and thermal and nuclear radiation have 


received a great amount of theoretical and ex- 
perimental attention. 

Second only to the nuclear weapons effects 
program has been the aircraft vulnerability 
program. For example, the development of the 
guided missile, capable of carrying various 
kinds of warheads, led to a terminal ballistic 
program concerned with the means of deter- 
mining aircraft and missile vulnerability. This 
program has also been actively involved with 
such studies as the effects of explosive charges, 
delay fuzes, incendiaries, and high explosive 
loading in projectiles. 

The introduction of the shaped charge has 
led to extensive analysis and testing of the 
shaped charge versus armor plate. In addition, 
the explosive launching of fragments has re- 
vived interest in the field of penetration bal- 
listics. 

The launching of earth satellites and the de- 
velopment of the ICBM have caused much in- 
terest and speculation in the possibility of new 
damage mechanisms. The investigation of these 
mechanisms is presently somewhat limited 
because facilities for controlled experimenta- 
tion have not yet been perfected. 


Section H — Current Programs In Terminal Ballistics 


1-4. GKNERAL 

Virtually every world power is currently ac- 
tive in some aspect of the field of terminal 
ballistics. In the United States all of the mili- 
tary services have active programs, which 
taken together involve dozens of laboratories, 
research institutions, and industrial contrac- 
tors. No attempt will be made in the following 
paragraphs to credit individual programs to 
the proper investigating or sponsoring agency. 
Rather, a summary of current areas of activity 
(Ref. 3) will be presented which is believed to 
be representative of all the various interests. 

1-4. PCRPORMANCK OP RQUIPMEIT IN A 
NUCLKAR BNVIRONMENT 

Because adequate shielding cannot always be 
provided for protection of vital components 


from nuclear radiation, attempts are being 
made to develop components and systems with 
greater radiation resistance. In addition, vari- 
ous agencies are engaged in efforts to provide 
procedures and data whereby the capability of 
current military equipment to survive nuclear 
radiation may be predicted. It is anticipated 
that these programs will lead to the develop- 
ment of new design procedures and concepts to 
improve the radiation resistance of equipment. 

1-7. DCTONATION 

Programs in this area arc concerned with 
various aspects of the physics of Lhe detonation 
process. The initiation of high explosives by 
pressure waves transmitted across air gaps or 
metal barriers is of particular interest Other 
programs are concerned with the effects of ex- 
ternally applied electric and magnetic fields 
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upon detonation, and with the development of 
explosive-electric transducers. 

1«4» HTPIRVUOCITY IMPACT 

Impact between small fragments and struc- 
tural targets is currently of interest for veloci- 
ties up to 50,000 ft/sec. Satellite and ICBM 
vehicles make this order of magnitude of 
velocity technically feasible. Current activities 
in this field are directed toward means for at- 
taining such velocities in the laboratory. Veloci- 
ties of 20,000 ft/sec. are presently attainable, 
and efforts are being expended in developing a 
better understanding of the phenomena ex- 
hibited in this hypervelocity range. 

1-9. SHAPED CHARGES 

Current interest in the shaped charge field is 
centered in efforts to improve the theory relat- 
ing design and performance of this type of 
weapon. One problem receiving attention, for 
example, is the design of liners to compensate 
for the deleterious effects produced by the spin 
of the projectile. 


1-10. GROUND SHOCK 

Research in ground sho ck ph en om en a is con- 
tinuing, utilizing both l abo r at o ry and field test 
techniques. Efforts are being made to improve 
both measurement and sealing techniques, as 
well as to determine the dynamic stress-strain 
properties of various transmission media. 


1-11. AIR ILAST 

Extensive programs are currently active in 
order to determine the effect of blast waves on 
structures. Shock tube facilities are being used 
to study diffraction loading and target dynamic 
response. High-speed track facilities are being 
used to realistically simulate the Interaction of 
blast waves and the transonic and supersonic ^ 
flow fields of airfoils. 

1-12. WOUND IALUSTICS 

The objective of this continuing program is 
to provide a knowledge of the wounding poten- 
tial of fragments, bullets, and/other damage 
mechanisms. A quantitative basis for the as- 
sessment of wounding potential is necessary for 
the design of effective antipersonnel weapons. 
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Section I (C>— Fragments 


' " U\. (U) INTRODUCTION 

Fragmentation is the disruption of a metal 
container by a high explosive filler. Its purpose 
is to produce the optimum distribution of a 
maximum number of high velocity lethal frag- 
ments. Due to the use of the high explosive 
filler, fragmentation is always accompanied by 
blast. 

The fragment acts as a kill mechanism by 
impacting the target at high velocity with its 
mass and forcing its way through the target 
material.! The kinetic energy of the fragment 
at the time it strikes the target is one measure 
af its lethality. However, what constitutes the 
optimum fragment mass, velocity, and distribu- 
tion of fragments will vary according to the 
target, be it a human, truck, airpiane, building, 
satellite, etc. 

It is generally desirable to have a shell or 
bomb body break up into pieces no larger than 
are required to “kill'' the particular target 
This arrangement provides the maximum num- 
ber of effective fragments, by avoiding frag- 
ment sizes that are larger than necessary. 
Fragments are employed in projectiles in three 
different ways, as uncontrolled fragments, con- 
trolled fragments, and preformed fragments. 
Each of these three different types is discussed 
in following paragraphs. Special attention is 
also given to the effects of changes of velocity. 

2-2. (U> MINCIJ’LKS OP OKRATION 

To understand the mechanism involved in a 
fragmentation weapon, it is necessary to know 
what happens to the fragment between the 
time of weapon detonation and the time of 
fragment arrival at the target Upon detona- 
tion of the explosive charge, the detonation 
wave causes the explosive and its case to swell 


until the failure point is reached. The cast 
then fails in shear and tension, and fragments 
are ejected at high velocity. The fragments 
achieve an initial velocity and form a pattern 
(or beam) dependent primarily upon the physi- 
cal shape of the casing. Aerodynamic drag 
forces slow the fragments during their flight 
to the target, as do the retardation effects of 
any target shielding penetrated prior to impact 
with the target. The area effectively covered 
by the beam of fragments depends to a large 
extent on the Angle of fall of the projectile and 
the range to the target. 

The fragments produce damage by penetra- 
tion of a target. Upon impact with a hard tar- 
get, such as stee! or concrete, the kinetic energy 
of the fragment is transferred to the target 
material. If the energy transferred by the frag- 
ment is great enough to stress the target be- 
yond its limit, penetration takes place. The 
kinetic energy is transmitted to the target from 
the fragment through the contact area, or 
presented area, of the fragment For frag- 
ments of equal mass and velocity, the one with 
the least presented area will penetrate more ex- 
tensively. due to the higher concentration of 
energy transfer. 

Upon impact with a soft target, such as the 
human body, the fragment penetrates with 
much less loss of energy and often passes com- 
pletely through the body. The effectiveness of 
the fragment depends upon Lhe amount of 
energy lost to the target during fragment 
travel within the target. The shape of the 
fragment may be more significant in a soft 
target than within a hard target, because the 
shape will influence the path of the fragment 
and the rate of energy transfer. Relative to a 
given target, the penetrating power of a frag- 
ment is dependent, therefore, upon its mass, 
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shape, and striking velocity. A discussion of 
the effectiveness of fragments against soft tar- 
gets is included in Ch. 3, Par. 3-3. The discus- 
sion of basic fragmentation and penetration 
data is found in Ch, 4, Sec. III. 

2-3. IV i UNCONTROLLED FRAGMENTS 
2-3.1. Description 

Many items of explosive ordnance are de- 
signed to produce uncontrolled fragments as 
the primary kill mechanism. When the casing 
of a bomb, shell, warhead, or grenade is rup- 
tured by the detonation of its high explosive 
filler, portions of the casing are propelled out- 
ward at high velocity. These segments of the 
casing are known as fragments. When no 
provision is made in the design of the projectile 
to control the size and shape of the segments, 
the segments are termed uncontrolled (or na- 
tural) fragments. The casting and explosive 
materials, charge-to-metal ratio, casing thick- 
ness and configuration, point of detonation, 
etc., determine the characteristics of the frag- 
ments. 

Within some degree of probability, the fixed 
characteristics of the fragments are the num- 
ber of fragments," initial velocity, weight dis- 
tribution, and spatial characteristics. Those 
characteristics which differ with ambient con- 
ditions are blast and the retardation of frag- 
ments. 

UL Examples 

Two typical examples of uncontrolled frag- 
mentation devices are a high explosive (HE) 
artillery shell and a general purpose (GP) 
bomb. The high explosive capacity of a bomb 
or shell will vtry according to its mission and 
method of projection. A shell designed to be 
fired from a high-velocity tank gun must have 
thicker shell body walls, and consequently less 
explosive content, than one designed for use in 
a low-velocity howitzer or mortar (Ref. 1). 
The thicker walls are required to withstand the 
higher acceleration forces encountered at the 
time of firing. The bursting charge capacity of 
a bomb will depend upon its mission: an 
armor-piercing bomb must have much thicker 
w. is than a general purpose bomb. A light- 


case bomb has thinner walls than the GP bomb, 
and sacrifices fragmentation effect for in- 
creased blast effect 

Shells, bombs, and fragmentation grenades 
basically consist of a metal casing, a high ex- 
plosive filler, and a fuze. The casing is usually 
steel, and an explosive such as trinitrotoluene 
(TNT) may be used as the high explosive. 
Various fuzes are employed, depending on the 
delivery mechanism and the target characteris- 
tics. Since fragmentation devices are designed 
to be detonated near, rather than upon strik- 
ing, the target, proximity (VT) fuzes are often 
employed. 

3-4. fUl CONTROLLED FRAGMENTS 
2-4.1. Description 

Controlled fragments are produced by war- 
head casings designed to break up in specific 
patterns. The fragment takes on its final in- 
dividual shape during the expansion of the 
products of explosive detonation. Some of the 
methods employed to achieve various degrees 
of control consist of: multiple wall casings; 
casings made of a series of rings, or helically 
wrapped wire, where the rings or wire may or 
may not be notched (grooved) ; casings that 
are scored (grooved) in one or two directions; 
and fluted linen inserted between the charge 
and the casing to focus the detonation on the 
casing in a desired pattern. 

2-4X Advantages 

Through the use of controlled fragments, the 
amount of casing metal that is wasted in frag- 
ments too small to be effective, or larger than 
necessary, is kept to a minimum. The most 
efficient fragment size and shape for use 
against a specific target can be selected, and 
optimum fragment pattern and initial velocity 
can be approached within practical limits. 

The mechanics of kill by a controlled frag- 
ment is identical to that of an uncontrolled 
fra gmen t; however, controlled fragments offer 
the advantages listed below: 

1. The performance of controlled fragments 
can be predicted more accurately. 

2. When the parameters affecting penetra- 
tion (velocity, mass, and ahape) are con- 
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trolled, greater damage will be inflicted 
to a target for which the weapon is 
designed. 

S. Fragments with better aerodynamic 
characteristics can be employed, result* 
ing in higher impact velocities and 
greater penetration. 

2-5. (ill PREFORMED FRAGMENTS 

The most complete control of fragment size 
and shape is achieved by the use of preformed, 
or pMcut, fragments. Preformed fragments, 
formed during weapon fabrication, exist in 
their fins] shape before detonation of the ex- 
plosive charge, and they are mechanically held 
in they* proper •orient' 1 tion around the charge. 
Whtrffuj reformed fragments ( are used in a 
prnpcip^ (itjsigned warhead, breakage of frag- 
ment upon expulsion and adhesion of frag- 
ments to each other may be considered negli- 
gible, and nearly 100 per cent fragmentation 
control is achieved. 

Typical shapes used for preformed frag- 
ments are cubes, rods, spheres, and flechettes 
(fin-stabilized darts or needles). They cause 
damage by penetration, as is the case with all 
fragments. In the same manner in which con- 
trolled fragments offer advantages over uncon- 
trolled fragments, preformed fragments may 
closely approach optimum fragmentation ef- 
fects for a specified target, because nearly 
complete control of fragment mass, shape, and 
velocity can be designed into the weapon. 

2-5. (Ill SECONDARY FRAGMENTS 

Secondary fragmentation results from break- 
up of either controlled or uncontrolled frag- 
ments upon impact, or from the creation of 
fragments from the target material when it is 
impacted by a projectile. One important ex- 
ample of secondary fragmentation is the 
spalling of armor plate when it is pierced by 
armor-piercing shot The fragments or spalls 
are broken off the hack of the plate and become 
significant kill mechanisms within the armored 
enclosure. Another example of secondary frag- 
mentation is the break-up of human bone struc- 
ture upon the impact of ■ penetrating missile. 
The bone splinters or fragments may cause 


more overall damage within the human body 
than did the original missile. 

2-7. fei CONTINUOUS RODS 

Continuous tods represent a specialized ex- 
tension of fragmentation techniques, in which 
discrete rod fragments are replaced by a bundle 
of metal rods. The rod bundle la arranged in 
the form of a hollow cylinder with the rod 
axes parallel to the cylinder axis. Alternate 
rod ends are welded together to form a con- 
tinuous expanding ring when the rods arc 
launched at high velocity by a central cylindri- 
cal, or annular, high explosive charge. As the 
bundle of rods expands outward from the point 
of detonation it forms a continuous and ex- 
panding hoop, which eventually breaks .up into 
several pieces as the hoop circumference ap- 
proaches and exceeds the total of the rod 
lengths. The cutting ability of the rods is a 
function of the rod hoop weight and its veloc- 
ity. A warhead of this type can produce severe 
structural and component damage against a 
large light-frame target. For this reason, its 
considered use is against aircraft targets (Ref. 
2 ). 

2-4. (C) HYKRVELOCITY FRAGMENT 
IMFACT (Refs. 3 Md 4) 

2-4.1. (Ul Descriptiea 

Observations of the effects of increases in 
fragment velocity have revealed three general 
conditions of impact, characterized by the be- 
havior of the fragment and target material. In 
the low velocity condition, the fragment re- 
mains intact and the cavity produced in the 
target may be only slightly larger in diameter 
than the fragment As the striking velocity in- 
creases, the dynamic pressures encountered 
exceed the strength of the fragment which be- 
gins to break up, initiating the transitional con- 
dition. This causes the penetration to increase 
more slowly with increasing velocity; in some 
cases it causes an actual reduction in the pene- 
tration with increasing velocity. As the strik- 
ing velocity increases further, the penetration 
again increases, proportional to a fracti on al 
power of the velocity (usually between i/fc and 
Vfc). The crater formed approaches a hemi- 
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spherical shape, and the hypervelocity or fluid* 
impact condition begins. 

The term hypervelocity, when used in the 
terminal ballistics sense, is applied to the 
crater-formation phenomenon, rather than to 
a specific impact velocity. One criterion for 
the onset of hypervelocity is that the cavity 
shape must be approximately that of a hemi- 
sphere. No single numerical value can be as- 
signed for the beginning of this velocity range, 
as the velocity is a function of the strength 
characteristics of both the target and the frag- 
ment materials. Hypervelocity fragments and 
cratering are discussed in detail in Ch. 4, Par. 
4-13. 

>4.1 (111 Effect of Hypervetadty Impact 

The transition condition of hypervelocity im- 
pact is clearly demonstrated in the case of a 
steel projectile impacting on a thick lead tar- 
get. The penetration increases roughly as the 
first power of the velocity up to about 0.6 
km/ »ac. (1640 ft/sec.), and then decreases as 
the inverse first power of velocity up to about 
0.8 km/sec. (2600 ft/sec.). Penetration of the 
steel projectile into the lead then increases 
again, proportional to the Vi power of velocity. 
It is Interesting to note that the penetration 
does not rise to its earlier maximum value until 
the. impact velocity reaches 2 km/sec. (6660 
ft/sec.), which is a fourfold increase. The ac- 
tual cavity volume continues to increase with 
velocity increase, but its shape ia changing to 
become more nearly hemispherical. The veloc- 
ity boundaries and detailed character of the 
transitional condition are not well defined, and 
differ markedly with target and projectile ma- 
terial. The transitional condition has been as- 
sociated with the plastic wave velocity lor the 
target material, but it would seem that a more 
important factor would be the impact pressures 
c tennined by the velocity and target density 
as well as the strength of the projectile. 

In the true hypervelocity impact condition, 
it ia expected that the crater formed in a semi- 
infinite target will be hemispherical, independ- 
ent of the ratio of projectile and target densi- 
ties and, to a considerable extent, independent 
of the projectile shape except in the case of 
large length/diameter ratios. These feat'irea 


seem to be confirmed by experimental results, 
to date. 

24.3. (Cl lta«n el Crater Fe n — H en 

(C) Three stages have been identified in the 
formation of the crater in the hypervelocity 
condition, as a result of experimental work in 
which flash X-ray photography is employed. 
Initially, the mechanism appears to be a hydro- 
dynamic one in which both the target and the 
projectile flow plastically during the primary 
stage, and the kinetic energy of the projectile 
is transferred to the target. This primary 
stage persists for only a small fraction of the 
total time of crater formation. During the pri- 
mary stage, the pressures generated are of the 
order of millions of atmospheres, and the den- 
sity of the tsrget and projectile behind the 
shock front may be appreciably increased. For 
example, calculations for the impact of iron on 
iron at 6.6 km/sec. indicate that the maximum 
pressure is about 2 mega bars, which corre- 
sponds to a density ratio of about 1.4. 

<C) After the pellet has been completely 
deformed and lost its integrity, the energy la 
transferred to the target in the form of a 
plastic deformation wave. The cavitation con- 
tinues for a period that depends on the amount 
of energy transferred. 

(U) Finally, there ia a plastic and elastic 
recovery stage which follows the immediate 
crater formation. Craters in 2SO aluminum 
have been observed to recover about 30 per 
cent by volume. 

(U) The great bulk of experimental work 
in hypervelocity impact has been devoted to the 
study of crater formation in essentially semi- 
infinite targets, in an effort to develop an 
understanding of the basic phenomena. How- 
ever, studies have indicated that if the pene- 
tration in a semi-infinite target is p. complete 
penetration of a plate of thickness up to 1.5 p 
may be obtained with the same projectile and 
impact velocity. In a marginal hypervelocity 
penetration, however, the projectile or frag- 
ment itself dees not carry through, but spalling 
and some flow of the target material will be 
produced and may be sufficient to cause dam: ge 
to internal components. 
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Section II (ei— Solid Profoctiloi 


2-t. (U) INTRODUCTION 

Solid projectiles, like fragments, act as kill 
mechanisms by their penetration of a target. 
The term “kinetic energy (KE) projectiles” is 
often used to refer to solid projectiles, because 
their terminal effects are dependent upon the 
kinetic energy of the projectile at the time it 
strikes the target Examples of solid projectile 
types are: bullets, armor-piercing shot, single 
fiechettes, knives, and arrows. 

Unlike the fragment, the solid projectile is 
usually fired singly (one projectile per round 
fired), has a sharp or relatively sharp tip, and 
is launched in a path directly at the target. In 
contrast to this, the fragment is produced mul- 
tiply as a result of an explosion, has no particu- 
lar penetrating surface, and reliance is placed 
upon a number of fragments, distributed in 
space, to hit the target The solid projectile is 
also differentiated from the explosive "shell.” 
whose terminal ballistic effects depend on blast 
and fragmentation, rather than the kinetic 
energy of the projectile. 

2-10. Ill) IUUITS 

Bullets are classed as solid projectiles fired 
from small arms weapons, usually limited to 
caliber .50 and below. There are several types 
of bullets, used for various purposes, the service 
types being ball, armor-piercing, tracer, incen- 
diary, and armor-piercing incendiary. Special 
purpose types are used for testing and prac- 
tice, but will not be considered here. Bullets 
have a metal core and a gilding metal jacket, 
and some have a filler in the point or base, or 
both. Fig. 2-1 illustrates some typical bullet 
types. 

Ball ammunition is effective against per- 
sonnel or light msteriel. The bullet is usually 
comprised of s core, composed of an antimony- 
lead alloy, and a gilding metal jacket Caliber 
.60 ball ammunition bullets, however, use a 
core of soft steel to provide ballistic properties 
similar to the armor piercing bullet (Ref. 6). 

The kill mechanism of ball ammunition 
against both hard and soft targets is the same 


as that previously described for fragment*. 
That is, the penetration and amount of damage 
is a function of the shape, weight, and striking 
velocity of the bullet. When used against light 
target materials, ball ammunition may produce 
secondary fragments that are effective against 
personnel located behind the target 

Armor-piercing bullets contain a hardened 
steel core and a point or base, filler of lead or 
aluminum between the core and the jacket 
They are designed for use against armored air- 
craft and lightly armored vehicles, concrete 
shelters, and other bullet-resisting targets. 
Armor-piercing bullets employ the same kill 
mechanisms as ball type ammunition, that ia, 
penetration into hard and sbft targets and the 
production of secondary fragments. Armor- 
piercing bullets have greater penetrating power 
than other types of standard ammunition due 
to the presence of the hrCened steel core. This 
core resists deformatic upon impact with the 
target and thus maintains a smaller impact 
area, resulting in a longer duration of highly 
concentrated forces. 

Tracer bullets contain a chemical composi- 
tion in the rear which is ignited by the propel- 
lant charge and which burns in flight The 
forward half of the bullet contains a lead slug. 
Tracer ammunition is primarily used for ob- 
servation of fire. Secondary purposes are for 
incendiary effect and for signaling. 

Incendiary bullets contain an incendiary 
which is ignited upon impact Armor-piercing 
incendiary (API) bullets are designed to 
"flash” on impact and to then penetrate armor 
plate. The main kill mechanism is the pene- 
tration of fuel cells and the ignition of the fuel 
in the target Destruction is accomplished by 
the combined use of kinetic-energy impact and 
fire. 

2-11. (C) FUCHETTES 

Fiechettes are fin-stabilized solid projectiles 
with a length to diameter ratio much greater 
than that of a bullet. The genera] configuration 
and nomenclature are shown in Fig. 2-2. Fie- 
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chettes, sometimes called darts or needles, are 
made in a variety of materials, sizes, and 
shapes. Fin forms vary widely with manu- 
facturing techniques and application, and may 
be straight, or canted to provide spin in flight, 
or on-center or offset to conform to special 
packing requirements. Many point shapes are 
utilized /or improving terminal ballistics effects 
against specific targets (Ref. 6). 

Flechette employment may be divided into 
two major categories: as used in antipersonnel 
warheads; and as used in small arms ammuni- 
tion, in either scatter-pack cartridges or indi- 
vidual projectile rounds. In antipersonnel war- 
heads, the flechettea offer advantages over 
cubes and similar fragments by their superior 
aerodynamic characteristics and penetrating 
power. Damage is achieved by penetration and 
perforation, and is enhanced by the higher 
long-range striking velocity of the flechette. 
This permits more fragments of lower unit 
mats to be incorporated in a fragmentation 
warhead, providing better area coverage. 

In small arms ammunition a pack of flechettes 
may be used in what is known as a scatter or 
salvo round, or a single flechette can be em- 
ployed to provide a cartridge of small size and 
light weight The scatter rounds are foreseen 
as particularly adaptable to short range wea- 
pons, such as shotguns or caliber .45 hand 
arms, to provide increased probabilities of hit 
The single flechettes provide a relatively flat 
trajectory projectile for long ranges. 

The flechette may be made lighter in weight 
than a bullet, yet o ; itain comparable lethality, 
because the light flechette can be launched at 
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higher velocities than the bullet for the same 
gun pressure and will retail its velocity for 
longer ranges. The smaller frontal area of the 
flechette enhances its penetrating power and. 
if its remaining velocity is sufficiently high, it 
wii] tumble within a soft target and transfer 
its energy to the soft target at a greater rate 
than a bullet For impacts at velocities below 
that at which tumbling occurs, the flechette 
wounds by cutting permanent slits that are 
comparable in size to the lateral dimensions of 
the flat. 

Flechettes appear to have good character- 
istics with respect to penetration of hard tar- 
gets, but additional studies are required for a 
complete analysis. Additional studies are also 
required on the action of flechettes within soft 
targets, and on the factors affecting tumbling. 

2-12. (U) ARMOR-flMCIN© (A?) 

PROJECTILES 

Armor-piercing projectiles achieve their 
terminal effect by forcing their way through 
the target material under the lmpetua of kinetic 
energy, as do fragments, bullets, and flechettes. 
Armor piercing "shot," for example, is a solid 
projectile without a bursting charge, for use 
with cannon, and thus differs physically from 
bullets, even though both mny be armor- 
piercing. 

Armor-piercing projectiles are designed 


specifically to attack hardened targets such as 
armored vehicles, and are sometimes used 
against reinforced structures. For this reason 
they are characterized by high accuracy and 
high velocity (a flat trajectory resulting from 
short time of flight) , because of the importance 
of achieving a first-round hit (Refs. 1 and 7). 
Armor-piercing projectiles are discussed in 
more detail in Ch. 6, Par. 6-5.2. 

2-13. CU1 HIGH EXPLOSIVE PLASTIC (HEP) 
ROUNBS 

High explosive plastic rounds achieve their 
terminal effect by spalling the interior surface 
of armor plate. This type of round is discussed 
in detail in Ch. 6, Par. 6-3.4.b. 

2-14. (U! KNIVES. BAYONETS, AND ARROWS 

Knives, bayonets, and arrows are sometimes 
used in combat. They are suitable for use 
against personnel, but require considerable skill 
in handling in order to achieve a kill. 

Knives and arrows have been used in recent 
times in order to attack sentries and outposts 
when silence has been necessary. Bayonets 
have been used in hand-to-hand combat, but 
remain a weapon of last resort It may be 
necessary for a soldier to resort to the bayonet 
in close combat should he not have tim« to re- 
load his rifle. 


Section III (SI— Shaped Charges 


2-1 S. fill INTRODUCTION 

The performance of the shaped charge mis- 
sile in no way resembles that of the kinetic 
energy projectile. Its effect ia due entirely to 
the formation of a high velocity jet of gases 
and finely divided metal, which becomes the 
penetration medium. The thickness of material 
that can be penetrated is essentially independ- 
ent of the projectile’s striking velocity. The 
projectile esse remains at the outer face of the 
target 

A shaped charge missile consists basically of 
a hollow liner of inert material, usually metal, 


that ia a conical, hemispherical, or other shape, 
backed on the convex side by explosive. A con- 
tainer, fuze, and detonating device are included 
(Fig. 2-3). 

Shaped charge projectiles intended for use 
against armored vehicles are often designated 
by the letters “H.E.A.T.,” which stand for 
“ffigh-Explosive Antitank.*' The abbreviation 
is often reduced to “HEAT," which has been 
interpreted by some to infer that the projectile 
burns its way through the armor. This is not 
a correct assumption ; the letters an simply an 
abbreviation which, by coincidence, spells out s 
common word. 
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Mi (U) PWHCIWJS OF OPOtATION 

When the shaped charge missile approaches 
or strikes a target the fuse ( proximity or con- 
tact) deton at e s the charge from the rear. A 
detonation wave travels forward and the metal 
liner is collapsed, starting at its apex. The col- 
lapse of the liner cone results in the ejection of 
a long, narrow jet of metal particles from the 
liner, at velocities from 10,000 to 39,000 ft/sec. 

This process is illustrated in Fig. 2-4 by the 
series of ultra-high speed radiographs of an 
experimental shaped charge lined with a 46- J 
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f degree steel cone, radiograplied at successive 

I times to depict the mechanism of cone collapse, 

i The charge was 50/60 Pentolite, having a base 

| diameter of *A inch. The time, noted in micro* 

| seconds for each radiograph, denotes the time 

! after the detonation wave passed the apex of 

the liner cone. There is a gradient in the veloc- 
ities of the elements of length along the jet 
The elements in front move faster than those 
in the rear, thus causing the jet to lengthen, 
thereby reducing its average density with time. 
The jet is followed by the major portion of the 
now completely collapsed cone. The latter is 
often referred to as the "slug," or “carrot, 1 ' 
because of its peculiar shape. 

The description of the principles of opera- 
tion of the shaped charge, given above, is gen- 
eral in nature. Shaped charge design involves 
numerous, variable parameters. It should be 
recognized that considerable latitude exists in 
the choice of these parameters; but also that 
many permutations of these could (and should) 
result in the same net effect 


2-17. IU1 JET PENETRATION 


* 


When a jet strikes a target of armor plate or 
mild steel, pressures approximating 250,000 
atmospheres are produced at the point of con- 
tact This pressure produces stresses far above 
the yield strength of steel; consequently, the 
target material flows out of the path of the jet 
as would a fluid. There is so much radial 
momentum associated with the flow that the 
diameter of the hole produced is considerably 
larger than that of the jet The difference in 
diameter between the jet and the hole it 
produces depends upon the strength character- 
istics of the target plate. Thus, a larger hole 
is made in mild steel than in armor plate, and 
the penetration depth in a very thick slab of 
mild steel can be as much as 30 per cent greater 
than in homogeneous armor. 

Aa the jet particles atriy-, t.<- are carried 
radial!" vith Cu> target .Ttaierial. Thus, the jet 
is used up from the front, becoming shorter 
and shorter, until finally the last jet particle 
strikes the target and the primary penetration 
process stops. The actual penetration continues 
for a short time after cessation of jet action, 
because the kinetic energy imparted to the 


target material by the jet must be dissipated. 
The slight additional penetration caused by this 
afterflow is called secondary penetration. Its 
magnitude depends upon target strength, and 
accounts for the differences observed between 
the depths of penetration in mild steel and in 
homogeneous armor, although there is probably 
some difference in the primary penetration aa 
well. 

While some exceptions will be found to the 
following rule, the depth of primary penetra- 
tion, P ', depends mainly on several factors: the 
length of the jet, L; the density of the target 
material, p , ; and the average density of the j t, 
pj. It has been found that P* is proportional to 
LVpi/au giving 

P'atKLV^ (2-1) 

The jet density, p>, is proportional to the den- 
sity of the cone liner material, particles of 
which are dispersed throughout the primary 
jet. 

2-1 R, (C> PENETRATION FACTORS (Ref. 11 
2-If.l. 1C) Type, Density uf Rate ef 

PeteeeHoa ef Explosive Charge 

While the depth of penetration is indicated 
to be more closely related to detonation pres- 
sure than to the rate of detonation, because of 
interdependence of effects it may be said that 
the greatest effect will be produced by that ex- 
plosive having the highest rate of detonation. 
Table 2-1 illustrates the relative effect of four 
different castable explosives. 

Although the rate of detonation ia of prime 
importance in selecting a high -explosive filler, 


TABLE 2-1 (C). DETONATION RATE 
COMPARED TO PENETRATION FOS POUR 
CASTASLS EXPLOSIVES (U) 


Explosive 

Density 

(grams/cc) 

Detonation 

Sate 

(m/sec.) 

Relative 
Standing 
in Pene- 
tration 
Efficiency 

Comp B 

1.68 

8,000 

1 

Pentolite 

1.64 

7,640 

2 

Ednatol 

1.62 

7.500 

8 

TNT 

1.69 

6,900 

4 
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other properties of the explosive must be taken 
into consideration. Among tV' sc are sensitivity 
to initiation, pourabiiity, at thermal stability. 

X-1L2. 1C) Csih m ul of Charge 

Confinement is inherent in a military projec- 
tile, whether it be the relatively heavy confine- 
ment found in the shell thicknesa of the 105-mm 
Howitzer, or the thin-goge wall of the bazooka 
rocket Also, the confinement effect is noted 
whether the confinement is provided by an in- 
creased wall thickness or by a “belt" of ex- 
plosive. Its effect on shaped charge action is to 
decrease lateral loss of pressure, and to in- 
crease the duration of application of pressure. 
This results in a more efficient shaped-charge 
collapse, and, therefore, increased hole volume 
or depth in the target material. As a matter of 
design compromise the wall may be quite thin 
in order to provide a lighter projectile, thus 
obtaining a higher muzzle velocity, which 
should increase the hit probability. However, 
the thinner wall results in less depth of target 
penetration. 

1-1 BJ. CO Shape, Diameter, and Length of 
Charge loch of User 

The length of the projectile body, and hence 
of the charge, Is most frequently limited by 
aerodynamic performance and projectile 
weight specifications. In general, the penetra- 
tion and the hole volume obtained increase 
with increasing charge length, but reach a limit 
at about 2 or 2.5 charge diameters. (Charge 
length is measured from the apex of the liner 
to the rear of the explosive charge.) Existing 
shaped charger designs usually have one of the 
shapes shown in Fig. 2-5. Although each can 
be made to perform satisfactorily, type (A) 



W (B) (Cl 


Rgutm 2-5. Shaped Charge lady Design* 


has the advantages of increased amount of 
high-explosive, which could result in increased 
secondary effects of blast and fragmentation. 
Types (B) end (C) are sometimes necessitated 
by the requirements for a lighter projectile 
weight, in order to increase muzzle velocity and 
accuracy. 

2-U.4. (C) User Material aad Thickness of 
User 

The shaped charge effect is not dependent on 
the presence of a liner, but because the pene- 
tration of the jet is proportional to the square 
root of its density, the msterial of the liner 
enhances the effect by increasing the density 
of the jet. Increased depth of penetration is 
obtained as the liner is made thinner, but thin 
liners require much closer manufacturing 
tolerances than the thicker ones. The net ef- 
fect of these contradictory factors is that the 
penetration depth will increase up to a maxi- 
mum as the liner thickness is decreased (Fig. 
2-6), at which point the manufacl iring im- 
perfections will become more important, and 



figure 1-6 fCh FenotraN on « Standoff and 
Utmr Thick na a tlM 





further decreases in Hner thickness result in 
leas penetration. The alloy of the metal to be 
specified for the cone should generally be that 
which has the greatest ductility. Copper, steel, 
and aluminum have all been used. Fig. 2-7 
shows the variation in penetration, aa a func- 
tion of standoff, obtained with liners made of 
these materials. (Refer to Par. 2-18.8 for a 
definition of "standoff ”) 

2-115. 1C) User Shape 

Differently shaped liners and cavities react 
in different ways. For example, a conical liner 
(Fig. 2-8) collapses from the apex and ap- 
proximately 70 per cent to 80 per cent of the 
liner follows behind the jet as a slug. Hemi- 
spherical liners appear to turn inside out, most 
of the liner being projected in the jet. How- 
ever, the best and most consistent results have 
been obtained with conical liners. This may be 
because it is more difficult to maintain close 
tolerances with shapes other than conical 


Double-angle conical liners are also being in- 
vestigated. Firings early in the atudy of double- 
angle cones, with cones in which the change 
from one angle to another wai made abruptly, 
did not show «ny increase in penetration. How- 
ever, with cones in which the change from one 
angle to another was made smoothly, and the 
liner wall waa tapered, peak performance waa 
obtained at normally available standoffa. 

2-114. (C) Effects of Rotation Upoo Jets 

The rotation in flight of a spin-stabilized, 
shaped-charge projectile with a simple liner, as 
previously described, causes a large decrease in 
penetration. This effect is especially noticeable 
at large standoff. In the proceaa of jet forma- 
tion from a rotated liner, there is induced not 
only the typical, linear velocity gradient found 
in all shaped charges, but an additional rota- 
tional velocity gradient aa well The base of 
the cone has a higher tangential velocity than 
the apex. Consequently, when the cone col- 
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in Fig. 2-9, Part (A) of the figure shows three 
views, 60 degrees apart, of the normal jet from 
an un rotated, lOS-mm, smooth, copper liner of 
good quality. Part (B) shows three views of a 
jet from a similar liner rotating at 16 rps. 
These show the marked tendency toward 
elliptidty of the transverse croaaeection of the 
jet, as well as an early incidence of jet break- 
up. 

Part (C) of the figure shows, at 30 rps, the 
incidence of the “bifurcation" phenomenon. 

(Bifurcation is the radial break-up of the jet 


(A) UNROTATED JCT 



figure 2-4 (Cl. Typical Umr Shape* end 
Hole Profile* (Ul 


lapses, the faster-moving particles of the cone 
base form the - tail end of the jet. The rear end 
of the resultant jet is, therefore, rotating 
faster than the forward end, and the rotational 
velocity should show a continuous decrease 
from the rear of the jet to the forward tip. 
As l ong at the jet ia continuous, therefore, it 
may be considered as being subjected simul- 
taneously to tension resulting from the linear 
velocity gradient, and to torsion produced by 
the rotational velocity gradient (Ref. 8) . 

It ia possible to study in detail the deteriora- 
tion of the Jet by the use of triple-exposure 
a— •„ x-ray pictures of detonated, shaped 
charges. The observed, detailed effects of rota- 
tion are illustrated by the radiographi shown 
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into two distinct jets.) The two separate por- 
tions of the bifurcated jet appear to lie in a 
plane. The same charge, detonated at 45 rps, 
produces bifurcated portions which no longer 
Ue in a plane but appear to lie along a helical 
surface. Experimental observations indicate 
that at rotational frequencies considerably in 
excess of 60 rpa, the process of bifurcation 
gives way to “polyfurcation." (Polyfurcation 
is the radial break-up of the jet into more than 
two distinct jets.) 

In order to counteract the rotational fre- 
quencies of the jet, it is necessary to impart to 
each element of the liner, by some means, 
a tangential component of velocity which is 
equal in magnitude but opposite in direction 
to that set up by the initial spin of the liner. 
The simplest means of accomplishing this is to 
find a way of using the energy of the explosive 
to produce a counter-torque on the liner. 

Attempts have been made to improve the 
performance of spin-stabilised shells by using 
varioqa non-coni cal, axiaily-symmetric liners. 
However, such attempts have not been promis- 
ing at high rates of spin ; therefore, tiie major 
emphasis has been on the design of fluted liners 
not having axial aymmetry. 

The idea underlying the use of fluted liners 
is that of spin compensation to destroy the 
angular momeutum of the liner, to inhibit jet 
spreading. The fluted-liner method of spin 
compensation is based on two phenomena. One, 
sometimes called the ‘‘thick-thin” effect, is the 
observed dependence upon the thickness of the 
liner of the Impulse delivered to a liner eU ment 
by the product gases of detonation. The sec- 
ond, named the “transport" effect, is the de- 
pendence of the impulse delivered to the liner 
upon the angle at which the detonation 
products impinge on the liner. 

Application of the thick-thin effect to a fluted 
liner is illustrated in Fig. 2-10. The impulse 
per unit area is always greater on the offset 
surface, because the thickness normal to that 
surface is greater. Furthermore, the impulse 
ia directed along the surface normal. When the 
impulses delivered at all surface elements are 
resolved into radial and tangential components, 
and summed, the total tangential component 
has a net resultant which produces a torque, in 
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PARTIAL SECTION A-A 

Figure 3—10 fCJ. Fluted liner Configuration end 
Active Forcer (Ut 

the direction shown, which can be used for spin 
compensation. 

Also shown in Fig. 2-10 ia the effeci of the 
impulse delivered to the canted surface. The 
effect is significant iu spin compensation be- 
cause a torque is produced in the direction 
opposite to that produced by the thick-thin ef- 
fect However, because the angle at which the 
detonation wave strikes the canted surface is 
usually leu than that for the offset surfaces, 
the net torque produced is in the direction of 
the forces acting 'on the offset surface. 

A fluted liner ia designed to compensate for 
the angular momentum of a particular projec- 
tile, thus, the caliber, charge diameter, and apin 
rate of the projectile aro determining factors 
in selecting flute characteristics. A fluted Uncr 
spun at its designed optimum frequency pro- 
duces a jet like that produced by an equivalent 
smooth liner fired statically. When fired stati- 
cally, the fluted liner produces a jet like that 
from a rotated smooth liner. 

Other methods of spin compensation have 
been tried, such aa spiral detonation guides, 
fluting the explosive instead of the liner, and 
the “built-in” compensation found is smooth. 
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spun linen. These techniques have been found 
to produce some degree of spin compensation, 
but only the fluted liner has been found to hold 
much promise. 

The elimination of spin degradation by 
means other than spin-compensation has also 
been the subject of experimentation. One 
method has been to design a shell so that it will 
be stable with a very low spin. This type of 
shell has increased drag, requires a special 
weapon with low-twist rifling, and still needs 
some kind of spin compensation. 

The concept has been proposed of using pe- 
ripheral jet vr fines on the shell to stop Its spin 
before the target Is reached. Computations of 
the required torque offer little hope that this 
method will prove practical. 

Bearing-mounted charges that permit part 
of the shell to spin, for stability, while the 
charge itself spins only slowly, have been 
proven practical. However, a means is required 
to compensate for the low spin rate, as is a 
nu ns to assure the uniformity of projectile 
spin rate. 

Fin-stabilised rounds are commonly used as 
a means to avoid spin degradation. Even these 
types are often given a small amount of spin in 
order to improve their stability in flight; there- 
fore, spin compensation is still required. 

Any technique for reducing the rate of spin 
of a given projectile provides only an interim 
solution. As soon as a fluted liner can be de- 
signed to compensate for the frequency of spin 
of a standard round of the given caliber, it 
provides the most convenient and economical 
solution to spin-degradation for that caliber 
(Ref. 9). 

X.lt.7. (C) Fuse Action 

The use of a suitable fuse is s major factor 
in the effective use of shaped charges that are 
to be activated on impact The contact fuze 
must function quickly enough to detonate the 
charge before the cone liner becomes deformed, 
and before the projectile is deflected. This is 
vitally important when shaped charge projec- 
tiles strike high obliquity armor, because the 
; speed of fuze action will affect the relative 
j amount of surface armor area that is perfor- 
able. If the projectile is fuzed with an inertial- 


type base fuze, as shown in views (A) and (B) 
of Fig. 2-11, the inherent delay action of the 
fuze plunger may allow the projectile to rico- 
chet before detonation, or permit collapse of 
the ballistic cap under forward inertia and 
cause an appreciable decreaK in the standoff 
distance (Par. 2-18.8, below). 

It is desirable to start initiation at the front 
end, at the instant of impact, and to transmit 
the impulse to the rear end so that the detonat- 
ing -harge may be initiated from the rear. 
However, this must take place much fester 
than occurs with the use of the inertia-type 
base fuze. There are two principal means of 
accomplishing this desired result One uses the 
so-called “spit-back" (flash-back) fuze. In this 
fuze a small, shaped-charge explosive in the 
nose of the projectile is initiated by a percus- 
sion primer and fires a jet backwards, through 
a passage provided in the main charge, into a 
base booster. Because the velocity of euch a 
small jet is very high, this fuze provides an 
extremely rapid method of transmitting the 
trigger action from the front to the rear. The 
other type of nose-initiated fuze is electrically 
actuated. In this type, often referred to as 
the “point-initiating base-detonating” (PIBD) 
type, crushing of the nose sets off an electrical 
impulse which is carried by wires to an elec- 
trical detonator at the rear of the projectile. 

7-18J. (U) Staedef Distance 

One of the most important factors governing 
depth of penetration by shaped chargee is the 
standoff distance. Standoff distance is the dis- 
tance between the base of the liner and the 
surface of the target, at the instant of exploaive 
initiation. This distance may be given in abso- 
lute terms, such m inches or millimeters, or 
may be expressed in terms of the charge diam- 
eter (i.e., lVi charge diameters, 2 charge diam- 
eters). 

Proper projectile design provides a standoff 
distance that allows time for the fuse to func- 
tion property and the cone to collapse, forming 
a jet of proper density, thus realising the maxi- 
mum capabilities of the projectile. View (C) 
of Fig. 2-11 illustrates the shaped charge tech- 
nique as used in an anti-vehicle land mine. The 
distance from the top of the mine to the bottom 
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figuf 2-1 1. Typkal Shaped Charge Anfl-Vthiclt Application} 

hyper-vt ,*lty particles; and vspoiiflc effect. 
The typ-.* of damage produced by the two 
mechanisms are quite distinct Tho perforating 
jet produces holes in the structure, and also 
produces internal target damage by the jet and 
target fragments. The vaporiflc effect produces 
damage mainly by what appears to be internal 
blast. Which damage irechaniam will be pri- 
marily operative in a given case will depend 
on auch factors as the shaped charge size, cone 
geometry and material, standoff distance, and 
target characteristics. 


of the vehicle hull is the standoff distance pro- 
vided. The dependence of penetration depth 
on standoff is illustrated in Fig. 2-12, which 
shows typical craters produced in mild steel by 
static charges fired at various standoff dis- 
tances. 

2-19. (SI DAMAGE MECHANISMS 
2-19.1. (C) General 

In general, there are two primary damage 
mechanisms which act to produce a shaped 
charge kill: perforation by a jet of high and 
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2>1U IS) Perforation Dnwfi 

(U) Shaped charges which can produce per- 
foration damage can also ijmite nr detonate 
fuel and explosives inside the target, be it a 
vehicle, building, or aircraft. Aside from the 
above e (Tecta the perforation type damage 
mechanism becomes important against aircraft 
only when the size and density of the fragment 
jet are sufficient to produce an entrance hole 
diameter which is significant when compared 
to the linear dimensions of the target. Perfo- 
ration damage is the primary damage mecha- 
nism of shaped charges made with steel or 
copper liners, and is an active (although not 
necessarily the primary) damage mechanism of 
shaped charges with zinc or aluminum liners. 

(U) Increasing the depth of penetration is 
not necessarily the same as increasing the ef- 
fectiveness of the shaped-charge against the 
target. Aside from the interns! damage done 
to the target by the residual penetration of the 
jet, the spatial distribution, mass, and velocity 
of spall fragments all affect the lethality of 
the shaped charge. Those particles spalled 
from the inner surface of the target are largely 
responsible for the damage inflicted by a per- 
forating jet 

(C) It is desirable to obtain some measure 
of probable damage after perforation. Exami- 
nation of a body of test data shows that the 
total number of spall particles observed is di- 
rectly proportional to the cross-sectional area 
of the hole, formed bv the jet, at the exit sur- 
face of the target. Since the hole diameter is 
proportions! to the mte of transfer of energy 


from jet to target, it it implied that the total 
number of spall particles formed is in propor- 
tion to the rate of transfer of energy as the 
jet penetrates the lost element of target mate- 
rial. (Ref. 10). 

(C) The above statement may be illustrated 
by Fig. 2-13, which represents the perforation 
obtained by the shaped charge, as shown, in a 
stack of twelve, one-inch-thick, metal plates. 
The hole diameter becomes less as the hole 
depth increases. It should be dear that this is 
due to the decrease in residual energy of the 
jet as it penetrates. The area of the hole at 
each increment of depth is in proportion to the 
residual penetration available at that depth, 
and also in proportion to the total number of 
spall particles produced by a penetration of 
that thickness of armor. 

(S) Keeping in mind the fact that the num- 
ber of spall particles is proportional to the 
area of the hole at the back of the target per- 
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forated, the relative lethality of a charge can 
be varied by using some of the cone shapes 
illustrated in Fig. 2-8, which shows the hole 
profiles obtained with the cones. 

(S) The first profile on the left (Fig. 2-8) 
is that produced by the ordinary 42-degree cop- 
per cone; it is shown for purposes of compari- 
son. The second profile shows the effect of a 
very simple change in geometrical configura- 
tion, one useful in the design of warheads for 
large weapons, where penetration can be sacri- 
ficed in favor of increased lethality. The third 
profile shows the effect of another simple geo- 
metrical modification (a copper trumpet). This 
design net only yields somewhat greater pene- 
tration than a simple cone, at short standoffs, 
but also affords a hole of almost uniform diam- 
eter. Thus, at the expense of some lethal effect 
against thinly armored targets, increased effec- 
tiveness has been achieved against thicker ones. 
A liner of similar geometry, but of low-density 
metal (aluminum is illustrated), produces the 
fourth hole profile, which would be useful un- 
der the same circumstances as the second. The 
fifth hole profile is that produced by a 60- 
degree cone of lead-antimony. The greatest 
depth of penetration is attained by this type, 
but with decreased lethality against thin tar- 
gets (Ref. 11). 

(S) Further experiments are now being con- 
ducted on methods of enhancing the lethality 
by propelling a follow-through projectile 

Siciioi IV 

2-20. (II! INTRODUCTION 

When a conventional or nuclear explosive 
charge is detonated in air, it la accompanied by 
the release of a large amount of energy in a 
small time-space environment Most of the 
materials in the charge are immediately con- 
verted to gaseous form at high temperature 
and begin to expand rapidly, compressing the 
surrounding air and thus initiating a shock 
wave. This shock (or blast) wave, propagates 
through the surrounding atmosphere in a man- 
ner «omewhat similar to a sound wave. How- 
evf he shock wave, unlike a sound wave, 
tn .a at supersonic velocity and causes ap- 


through the jet hole. The projectile is intended 
to have a high-explosive filler. Other experi- 
ments are being conducted with chemicals 
which are focused into a jet, oriented on the 
axis of the hole, at the appropriate time for 
entering the hole without being obstructed by 
the slug. 

2-1T.3. (C) Vaporific effects 

The vaporific effect exhibits many of the 
same characteristics as the detonation of a high 
explosive charge inside an aircraft structure. 
Separate aircraft subjected to the two types of 
datnr.ge (detonation of a high explosive charge, 
and vaporific) show the same effects of internal 
blast 

It is concluded that the primary mechanism 
that is active in the vaporific explosion is the 
capture of the kinetic energy from the impact- 
ing particles (Ref. 12). Confinement is neces- 
sary. The tighter and more rigid the structure 
penetrated, the greater the resulting damage 
appears to he, The material being affected is 
also of significance. The degree of vaporic ef- 
fect suffered by the following metals is indi- 
cated by the order of tluir listing, with the 
first named metal being most affected: mag- 
nesium, aided aluminum, 24S aluminum, 76S 
aluminum, and 18-3 stainless steel. The thick- 
ness of the target material is another deter- 
mining factor, because thicker materials con- 
tribute more finely-divided material (Ref, 13). 

(Cl— Blast 

precisblo increases in pressure, density, tem- 
perature, and air particle velocity. 

The blast wave thus formed is capable of 
effecting considerable damage on many types 
of targets. The degree of damage is dependent 
upon the charge site, distance from the explo- 
sion to the target, atmospheric conditions, 
altitude, and the ability of the target to resist 
the loads imposed by the blast wave. The blast 
wave has several characteristics which may be 
related to damage: peak pressure, impulse, and 
dynamic pressure (Ref. 14). These are briefly 
described in following paragraphs, and are an- 
alyzed in detail in Cb. 4, Sec. I. 
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In general, the characteristic* of the blast 
wave from & nuclear explosion are similar to 
those from conventional explosions. However, 
there are several quantitative differences which 
affect the blast wave properties. These differ- 
ences and their effects are discussed in Ch. 4, 
Sec. I. 

2-21. (U1 FIAK tUSSURI 

The shock wave is bounded by an extremely 
sharp front, called the shock front, which repre- 
sents a discontinuity in density, pressure, and 
temperature of the medium through which it 
passes. Here, the pressure rises abruptly from 
atmospheric pressure to a peak pressure, gen- 
erally referred to as peak overpressure, which 
is measured in psi over the atmospheric pres- 
sure (Ref. 16). 

When the shock front passes a given point it 
causes an abrupt rise in overpressure, which is 
followed by a gradual decline to ambient, a 
further decline below ambient, and, Anally, a 
return to normal atmospheric pressure. The 
portion of the wave in which the overpressure 
is above ambient ia termed the poaitive over- 
pressure phase; the remaining portion, where 
the pressure ia below atmospheric, ia referred 
to as the negative pressure phase. The decrease 
in pressure below ambient ia usually small when 
compared with the increase during the positive 
phase. 

The blast wave decreases in amplitude (peak 
overpressure) and lengths (Increases in dura- 
tion of overpressure) as it propagate- At a 
given distance from a bloat source, the peak 
overpressure and duration both increase with 
Increase in energy of the explosive source 
(Ref. S). 

When an incident air blast strikes a more 
dense medium, such aa the earth's surface, the 
wave is reflected. Under proper conditions, the 
reflected wave overtakes the incident wave and 
the two merge to form a single shock front of 
higher pressure than either original wave. The 
combined front is called the Mach stem, and 
the region where the two shocks have merged 
il referred to aa the region of Mach reflection 
(Ref. 17). Reflection and Mach characteristics 
are dlacuased in Ch. 4, Par. 4-2-2.6. 


When the shock front strikes the face of on 
object, reflection occurs. As a result, the over- 
pressure builds up rapidly to at least twice (and 
generally several times) that in the incident 
■hock front This reflected pressure, caused by 
arresting the moving air particles behind the 
ahockfront, ia referred to aa face-on overpres- 
sure. The pressure at the aide of the object 
where little or no reflection or dynamic pressure 
effect occurs, is generally called the side-on 
overpressure. A measure of side-on overpres- 
sure plus dynamic pressure is referred to aa 
total pressure. 

Under conditions where the wave front has 
not completely surrounded the object a con- 
siderable pressure differential will exist between 
the front and rear. This pressure differential 
will produce a lateral (translational) force, 
tending in cause the object to move bodily in the 
same direction aa thj blast wave. The transla- 
tional force is known as diffraction loading, be- 
cause it operates while the blast wave is being 
diffracted around the object. The extent and 
nature of the motion will depend upon the 
physical characteristics of the object and on 
the time history of the overpressure. 

When the blast wave has completely engulfed 
the object, the pressure differential no longer 
exists. However, the pressures applied an still 
in excess of normal, and the diffraction loading 
is replaced by aa inwardly directed pressure 
tending to compress or crush the object For 
an object with no openings, this crushing ac- 
tion will cease only when the overpressure has 
decayed to sen (R-tf. 171 . 

If the object under consideration is large, the 
diffraction loading will operate for a longer 
time. For email objects, the diffraction period 
ia so short that the comsponiing loading is 
usually insignificant For objects with open- 
ings, the Internal and external pressures will 
tend to equalise, thus nullifying both diffrac- 
tion and compression forms. 

2-22. (Ul DYNAMIC PUSUIU 

For a large variety of target types, the de- 
gree of demage may depend on the dynamic 
pressure aaaocisted with the .explosion. The 
dynamic pressure is a function of the wind 
(particle) velocity end the density of the sir 
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behind the shock front For very strong shocks 
the peak dynamic pressure is greater than the 
overpressure (Ref, 15), 

Like the overpressure, peak dynamic pres- 
sure decreases with increasing distance from 
the explosion center, although at a greater rate. 
The duration over which the dynamic winds 
act in the direction of shock motion, at a given 
location, is slightly longer than the positive 
phase of the overpressure. However, by the 
time the overpressure has decayed to zero, the 
dynamic pressure is usually insignificant. 

Reflection phenomena cause certain changes 
in the dynamic pressures, as they do with peak 
overpressures. Under such conditions, the 
classical shock front disappears and peak 
values of dynamic pressure occur at different 
times for a given range. Both thermal and me- 
chanical (surface) effects contribute to these 
variations (Ref. 16). 

During the entire period that the poaitive 
phase of an airblast wave is passing, an object 
is subjected to dynamic pressure loading (or 
drag loading) caused by the strong transient 
winds behind the shock front Like the diffrac- 
tion loading, the drag loads produce a transla- 
tional force in the direction of shock motion. 
However, drag loading usually persists for a 
relatively long period of time in comparison 
with diffraction loading. It is the effect of drag 
loading which constitutes an important differ- 
ence between nuclear and conventional detona- 
tions. For equivalent peak overpressures, the 
duration of the drag phase is much longer for 
a nuclear explosion than for a conventional one. 
Correspondingly, the dynamic premure impulse 
from a nuclear detonation Is of much greater 
magnitude. For conventional high explosive, 
the duration of the drag phase is usually so 
short that the dynamic pressure Impulse may 
be considered negligible. 

In many cases, damage to targets by conven- 
tional explosives is a function of both the posi- 
tive phase overpressure and its duration 
(known specifically aa the overpressure im- 
pulse) rather than a function of peak over- 
pressure alone. Overpressure sad dynamic 
pressure impulse are discussed in Ch. 4, Psr. 
i-2JL 


Ml (C) WAVI PUTU MAHONS 
2-21.1. General 

When a nuclear weapon is bunt over a real 
target area, the condition and nature of the 
surface must be considered, since under some 
circumstances, severe modifications of the blast 
wave may occur. These modifications an due 
to the physical characteristics of the surface. 

For relatively low-seated heights of bunt, 
the earth's surface absorbs sufficient thermal 
energy to reach a temperature of several thou- 
sand degrees in a relatively short period of 
time. If certain surface conditions exist, a hot 
layer of air or other gases will form with ex- 
plosive rapidity above the earth’s surface. If 
this thermal layer is sufficiently intense, a 
separate pressure wave iorms and moves ahead 
of the incident and reflected blast waves. This 
detached wave is known as the precursor. 

The surface characteristics necessary for Hie 
formation and development of the precursor are 
not completely understood. However, pre- 
cursors have been observed over coral and 
desert type soils, forest areas, and asphalt, and 
are expected over other surfaces such as agri- 
cultural and urban areas. It is not expected 
that precursors will occur over water, snow, ice, 
or ground covered with a white smoke layer. 

The precursor produces non-classical wave 
forms. The rise in pressure at shock trrival is 
not nearly as instantaneous as in free air. The 
positive phase duration is somewhat longer in 
the presence of a precursor, and the impulse is 
correspondingly greater. It la believed that Hie 
increased dynamic pressures which result from 
precursor formation are caused by increased 
particle velocity and the addition of dust par- 
ticles to the transient winds. 

It has been found convenient to divide the 
variations of non-ideal wave forms into five 
major classifications, as illustrated in Fig. 2-14 
for overpressure and in Fig. 2-15 for dy namic 
pressure. Hie illustrated wave forms, with 
types A through E indicating waves encount- 
ered while progressing outward from ground 
zero, are discussed in following sub-paragraphs 
(Ref. 16) . 
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2-230. Overpressure Wm Fena* (Fig. 2-14) 
2-230.1. Typo A 

This type is a relatively ideal wave form, 
with a sharp rise to a peak value, followed by 
a rapid exponential decay. Usually the peak 
pressure is rather high, and the duration is 
rather short, in comparison with the other four 
wave forms. 

2-2300. Type I 

This wave form, with two distinct peak 
values, becomes increasingly non-ideal with in- 
creasing range. Usually shock-type rises are 
evident at the closer ranges. However, as the 
distance from ground sera increases, the separa- 
tion of the two peaks as well as the rise time 
for the main shock increases, while the first 
peak attenuates more rapidly than the second. 

At midrange, the wave form is characterized 
by a shock-type rise to a first, low peak, fol- 
lowed either by a plateau or a slow decay, with 
a longer rise to a higher, second peak preceding 
a more rapid decay. Aa the ground range con- 
tinues to increase, the Ant peak becomes round 
and the second peak attenuates more rapidly 
than the Ant This wave form is typical of the 
early stages of development in the precursor 
cycle. 

2- 23X3. TypeC 

This Is a wave form whose peeks end valleys 
become poorly defined with increasing range. 

At the closer ranges, the wave form shows a 
Ant, large, rounded m a ximum followed by a 
■low decay, then a later, smeller, second peak. 1 
As the distance from ground zero Increases, the | 
Ant peak attenuates more rapidly the 
second, so that the two peaks becu&^a com- 
parable in magnitude, while the rise times be- 
come longer. The second peak disappears at 
the farther ranges, resulting in a lour, rounded, 
flat-topped wave form with a long Initial rise 
and a rather slow decay marked by considerable 
turbulence. This wave form is typical of strong 
precursor action. 

3- 23X4. Type D 

This wave form progressively loses Its non- 
classical characteristics with increasing range. i 
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At the closer ranges, the wave form shows a 
compression-type rise to a rounded plateau, 
followed by a slow rise to a second, higher peak. 
As the distance from ground zero increases, the 
rise timet decrease, so that the front of the 
wave form develops a step-like appearance, and 
the time separation between the two peaks be- 
comes less. At the farther ranges, the second 
peak overtakes the first peak, to form an almost 
classical form with a sharp rise to a more or 
less level plateau, followed by an essentially 
regular decay. This wave form is typical of the 
clean-up portion of the precursor cycle. 


2-23 .2.5. Typo f 

This is a classical or ideal wave form with a 
sharp rise to a peak value, followed by an ex- 
ponential decay. The duration is rather long in 
comparison with the type-A wave form, and 
* the rate of decay is slower. 


f 
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2-23 J. Dynamic Pressure Wav* Forms 
(Fig, 2-15) 

2-23.3.1 . Gesorai 

A tentative classification of the various dy- 
namic pressure wave forms has been made. It 
is not possible to make a direct correlation of 
these with the five general types of overpres- 
sure wave forms, due to the lack of experi- 
mental data for dynamic pressure, particularly 
In the dose-ln region. Nor is it possible to 
draw a wave form height-of-burst chart for 
dynamic pressures, at this time, because of the 
lack of experimental data. 

2-23J O. Type A 

This is a relatively ideal wave form, with a 
sharp rise to a peak value followed by a very 
rapid decay. The duration is usually rather 
short in comparison with the other four wave 
forms. 

2-23 JJ. Type! 

This double-peaked wave form has a shock- 
type initial rise in most cases. The second peak 
is larger at the closer ranges, but becomes com- 
parable in magnitude with the first as the dis- 
tance from ground zero increases. 
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2-23J.4. Type C 

This is a transitional double-peaked wave 
form with longer initial rise time. Actual rec- 
ord traces have a very turbulent appearance. 
The second peak is smaller than the first and 
becomes somewhat indefinite with increasing 
range. 

Z-23JS. Type S 

This essentially single-peaked form, is char- 
acterized by a low amplitude plateau with a 
slow, smooth rise at the cl user ranges. Actual 
traces have a very turbulent appearance. As 
the distance from ground zero increases, the 


turbulence becomes less and the plateau de- 
velops a shock rite with a flat top, or a slow 
steady increase to a second shock rise followed 
by a smooth dacay. The initial disturbance at 
the front of the wave form eventually dies out 
at the farther ranges, leaving a smooth, dean 
record with a slight rounding sfter an initial 
shock-type rise. 

2-23.3 S. TypeE 

This is a classical or ideal wave form with a 
sharp rise to a peak value followed by on ex- 
ponential decay. The duration is rather long 
in comparison with type-A wave forma, and the 
rate of decay is slower. 


Section V (C) — Mias Clearing Devices 


2-24. (Cl DESCRIPTION 

(U) It is possible to detonate land mines by 
the blast wave from a nuclear or conventional 
i explosion. The capability of the blast wave to 
detonate the mine is usually stated In terms of 
the overpressure required for detonation, 
which is dependent upon the mine type, burial 
depth, mine spacing, and soil characteristics. 
Only nuclear explosions, however, have a suffi- 
ciently wide radius of lethal overpressure to be 
able to clear entire minefields. 

(U) Although mines can be detonated by 
explosions acting directly on either the main 
explosive or the more sensitive primer, or 
booster, the overpressure required are so high 
that blast action on nine pressure plates is 
always the controlling effect. Buried mines are 
insensitive to the thermal and nuclear radiation 
associated with the explosion. 

(C) In general, land mines are sensitive to 
! the rise time of the blast wave; i.e„ if the rise 
time is long, greater pressures are needed to 
\ actuate a given mine than if the rise times are 
short Long rise times arc characteristic of the 
precursor zone. Therefore, in the criteria given 
for detonation, two sets of data must be speci- 
fied for each mine type, depending upon 
i whether or not the mine is expected to be in 

j a precursor zone. On the other hand, all explo- 

[ sions having overpressures of less than about 


8 psi have fast rise times. Therefore, for mines 
which require actuation pressures of less than 
about 8 psi, the criteria are the same for explo- 
sions which produce a precursor as for those 
that do not. This' is true for mines with 
fuzes which are inae dtive to rise times (Ref. 
16). 

<U) The criteria for mine detonation do not 
usually include any sympathetic actuation ef- 
fects. Sympathetic detonation of a mine is 
caused by the transmission of a detonation 
wave through the air from the explosion of 
another mine. Mines ace usually spaced so that 
the pressures from the d et ona t ion of one mine 
do not sympathetically detonate adjoining 
mines. However, if the spacing of mines is 
close enough, it is possible for the combined 
overpressures of a nuclear blast and an actu- 
ated mine to affect sympathetic detonation of 
an adjacent mine that was not ac t uated by the 
nuclear blast. Gaps in mine fields, if suffi- 
ciently large, halt this process. Therefore, ex- 
tensive clearance by sympathetic actuation can- 
not be depended upon. 

2-15. CUI COMMON EXPLOSIVE DEVICES 

It is feasible for a conventional artillery shell 
to detonate a mine if the shell has a sufficiently 
large bunting capacity, and if the distance 




between exploding shell end mine is sufficiently 
small. It is not, however, an economical means 
of clearing mine fields because of the excessive 
uumber of sheila that would be required. Con- 
ventional artillery shells are of some limited 
value in attacking a mine field because they 
can damage some of the mines (buried and/or 
unburied) by fragments, displace and damage 
surface mines, and cut trip wires attached to 
antipersonnel mines. 

Conventional explosives have also been 
adapted to linear type charges, wherein the 


explosive is placed within a long steel tube (the 
baug?lore torpedo) or a flexible cord. The 
linepr charge is then pushed into the minefield, 
or,, in the case of the flexible cord, pulled across 
by & small rocket, and then detonated (Bef. 
18). The resulting blast will clear antiperson- 
nel mines within narrow limits along the 
length of the charge. Whether or not the charge 
will be effective against antitank mines de- 
pends upon the amount of explosive per unit 
of length, the mine type, mine emplacement 
technique, and soil characteristics. 


Section VI (Cl— Ground Shock 


2-24. INTRODUCTION 

The production of ground shock by an explo- 
sion is extremely complex, and, in some re- 
spects, not completely understood. Basically, 
ground shock may be produced by two separate 
mechanisms. One mechanism is the sudden 
expansion of the bubble of gas. from a surface 
or underground explosion, which generates a 
pulse ar oscillation in the ground. This is 
termed direct ground shock. As this direct 
shock propagates through the ground, it may 
be modified by reflections and refractions from 
underlying bedrock or hard strata, or rarefac- 
tion from the air-ground interface. The second 
mechanism is the production of a ground shock 
by the air blaat wave from an explosion strik- 
ing and moving parallel to the ground surface. 
This is termed air-induced ground shock (Ref. 
19) . For a given burst geometry, except at ex- 
tremely short ranges, these two forms of 
ground shock are separated in time. Because 
the direct ground shock is usually attenuated 
very rapidly, air-induced ground shock is more 
Important u the cause of damage to under- 
ground installations, except for extremely dose 
ranges and fr.r deep underground bursts. 

2-27. PHYSICAL MECHANISMS 

The physical mechanisms of major interest 
in regard to damage produced by ground shock 


are ground pressure (or stress), acceleration 
of soil particles, and displacement of soil par- 
ticles. Collection and analysis of data for these 
mechanisms is covered in detail in Ch. 4, Par. 
4-3.3.2. 

Ground pressure is changed into directional 
components, which differ in magnitude, by the 
shear and cohesive strength of the soil. These 
directional pressure components are termed 
stresses. Under the dynamic loading from a 
nuclear explosion, the direct ground stresses 
rise most abruptly in the ground nearest the 
explosion, whereas at greater distances, the 
peak stresses at any specific point are reduced 
and the rise times are increased. Air-induced 
ground pressure (stress) is closely related to 
direct ground stress. Just below the surface, 
the air-induced shock stresses, and durations, 
are approximately equal to the changing air- 
blast positive pressure, and duration. 

Vertical acceleration of soil particles is 
caused by both types of ground shock, direct 
and air-induced. The air-induced, occurring 
later, causes a sudden increase in the particle 
acceleration. Displacement of soil particles will 
be both permanent and transient In addition 
to the obvious displacement resulting from 
cratering, both types of displacement occur, to 
a lesser degree, beneath the ground surface. 
Displacement is affected to s considerable ex- 
tent by the soil types and moisture content 
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2-M. INTRODUCTION 

Fire usually implies combustion or burning 
of a fuel. The term combustion implies a more 
or leu rapid chemical reaction between the fuel 
and an oxidizer (usually oxygen). This reac- 
tion produces heat and light, these being 
emitted primarily from a zone called the flame 
(Ref. 20). For a burning fuel in solid or liquid 
form, the vapors from the fuel support the 
flame. 

The combustible constituents of conventional 
fuels are carbon, hydrogen, sulphui md hydro- 
carbons. Other constituents are oxygen, nitro- 
gen, moisture, and ash. (In incendiaries, other 
constituents such as magnesium and aluminum 
may be used.) In burning; the combustibles 
combine with oxygen in the air and in the fuel 
to form carbon dioxide (CO,), carbon mon- 
oxide (CO), sulphur dioxide (SO,), and water 
(K,0). The ash includes all non-combustible 
matter. The nitrogen in the air it inert and 
is not burned. Generally, ignition occurs when 
the body temperature rises sufficiently for a 
seif-propagating reaction to occur at some ele- 
vated temperature; that is, when the heating 
effect of the oxidation reaction overcomes the 
loss of heat at some point in the object. This 
elevated temperature is referred to aa the igni- 
tion temperature. 

The requirements for combustion are: 

1. The presence of a fuel and oxidizer in 
proper proportions. Some fuels may con- 
tain the oxygen. 

Z Exposure of fuel particles to the oxidizer 
throughout a period of time sufficient for 
their combustion. 

3. Maintenance of the combustion zone at a 
temperature above the Ignition tempera- 
ture (Ref. 21). 

For fuel in a gaseous state subjected to the 
action of an ignition source, the small local vol- 
ume around the source begins to bum, and if 
the mixture is flammable, the reaction proceeds 
to the next layer, which begins to burn. Even- 
tually the flame propagates throughout the 


gsseous mixture. The flame surface at any 
instant ia referred to ss the flame front, and 
the conditions which determine the velocity of 
the flame front also distinguish a fire from an 
explosion. 

2-29. FIRE DAMAGE 

Damage resulting from fire includes destruc- 
tion of the utility or structural integrity of 
structures and vehicles, detonation of explo- 
sives or engine fuel, physical or psychological 
incapacitation of personnel, and the disabling 
of equipment components. Anything which is 
flammable is subject to destruction by burning. 
In addition to the actual consumption of mate- 
rial, the properties of structural materials are 
adversely affected by the elevated temperatures 
encountered with Are. 

Fire may be caused by direct sources such ss 
Are bombs, napalm, white phosphorus, incen- 
diary grenades, incendiary bullets, etc Fire 
may also be induced u a secondary effect of 
fragments, projectiles, or other primary kill 
mechanisms when they act upon target com- 
ponents. When the oust of burning is radiant 
energy (produced by the thermal radiation 
from a neuclear explosion), the effects can be 
catastrophic to urban areas, beca me many Ares 
are started over a wide area. 

Fire, or flame, aa aa agent for incapacitation 
of personnel, differs from audear thermal radi- 
ation in several ways. First, because it is not 
exclusively electromagnetic radiation, it ran 
pass around comers to burn otherwise shielded 
personnel Secondly, it can consume the avail- 
able oxygen, causing death by suffocation. 
Thirdly, it may bring on shock from paralyzing 
fear. In addition, it may destroy those things 
ifood, clothing, and shelter) which are essen- 
tial to the maintenance of life. Of these several 
damage effects, the immediately important ones 
are bum and suffocation. The particular 
burning agent might be white phosphorus or 
napalm, or some target material ignited by 
the burning agent. 
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Section VIII (S)<«CkMical Afuft 


240. <U1 INTO' MICTION 
2-30.1. General 

The large scale use of chemical agents to 
influence battlefield success originated during 
World War 1. In the early stages, many chemi- 
cal compounds were proposed, And some of 
them were actually emoloyed on the battlefield. 
Since World War 1, however, the requirements 
of modern warfare, involving the problems of 
large area coverage and large scale production 
and supply, have reduced the number of mili- 
tarily practicable chemical agents to a small 
group. The nerve gases, outstanding because 
of their high lethality, may well represent the 
most important group of chemical agents. 

Attention has recently been focused on the 
possible use of non-lethal incapacitating agents 
to influence military affairs. Such agents may 
produce temporary blindness, mental or physi- 
cal incapacitation, or anesthesia. 

The chemical agents may best be separated 
or classified for tactical use according to the 
seriousness of their effects, using a scale with 
death as ore limit and temporary incapacita- 
tion as the other limit. The five primary agents 
discussed in detail in Ch. 2, Par. 2-31 represent 
varying effects on this scale. 

Chemical agent employment is the inten- 
tional use of various gaseous, liquid, and solid 
agents to achieve the occupation of territory 
and the disabling of enemy personnel. In at- 
taining these ends by any form of warfare, it is 
desirable that a minimum of men and materiel 
be expended, and that the least possible damage 
be inflicted upon objects of probable value. In 
this regard, the chemical agents are outstand- 
ing. A chemical attack, in contrast to a con- 
ventional ballistic attack, begins only when the 
agent is released and may continue far hours, 
days, or even weeks, depending upon the par- 
ticular agent and the prevailing weather con- 
ditions. 

Although chemical agents ore used primarily 
for their effects on personnel, some agents will 
have a deleterious effect on speciAc materials. 
This property could be utilized effectively, for 
example, against targets such as satellites and 


missiles by the destruction of thermal balance 
systems, through the changing of the structural 
emissivity (Ch. 9, Par. 9-7.3.). 

2401 History of Chemical Agent Use 

The beginnings of the use of chemicals in 
warfare are lost in antiquity. The earliest 
recorded attempt to overcome an enemy by the 
use of poisonous and suffocating gases occurred 
in the year 42b B.C., during the wars between 
the Spartans and Athenians (431-404 B.C.). 
At the siege of Clataea, wood saturated with 
pitch and sulphur was burned under the walls 
of the city. This operation was unsuccessful, 
but five years later, at the siege of Selium, a 
similar operation was comolctely successful 

The North American Indian produced a ‘•otic 
gns by burning poison wy si'tvated with fish 
oil. Poison gas is known to have been r '»opov»d 
for use in the Crimean War, against the Ru- 
slans, and in the Civil War, against the Con- 
federates, but neither sugges^an wss carried 
out (Ref. 22). Tear gases for harassment pur- 
poses were used by the French iu August of 
1914, followed shortly afterward by German 
and British use of similar agents. 

The employment of c.icmical agents as a 
weapon of modem warfare dates to the early 
spring of 1915. This period brought the Ger- 
mans in World War I tu the realization that 
they had arrived at a deadlock which conven- 
tional warfare could not resolve. Tit* situation 
was particularly grave because supplies were 
low and logistics had become a serious problem. 
Accordingly, Germany mobilized her industrial 
and scientific talent, and ou the afternoon of 
April 22, 1915, unveiled a new weapon: the 
toxic gas chlorine fRef. 22). 

By modern stands rds, chlorine is an ineffec- 
tive agent, yet within a few hours after it was 
first released, it caused complete demoraliza- 
tion among Allied troops. In the months tltat 
followed, both sides, taking advantage of the 
World War I static-type warfare, employed 
toxic chemical agents. The British, for ex- 
ample, retaliated with chlorine gac at Loos, 
six mouths after its first use, and the French 
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sad Germans tried several other casualty pro- 
ducing gases. A major instance of this oc- 
curred in December of 191$. with the German 
introduction of phosgene, a choking gas which 
could penetrate the crude protective masks then 
in existence. 

In the following months, protective masks 
wera improved. To counteract this, the Ger- 
mans developed an agent which, even though 
not highly poisonous, would cause nausea and 
vomiting. The effects of this agent made the 
troops remove their gas masks, which left 
them subject to th.- more lethal agents accom- 
panying the vomiting agent In 1917, the Ger- 
mans first employed a . chemical agent that 
attacked all parts of the body, thereby render- 
ing the use of gas masks less effective. This 
agent was mustard, a poisonous, multiply effec- 
tive agent which could penetrate almost any 
ordinary type of clothing. It proved to be ex- 
tremely effective and was used throughout the 
remainder of the war. 

In World War I, over 3,000 substances were 
investigated for possible use in toxic warfare, 
but only 33 were actually tested in combat, and 
only 12 obtained noteworthy results. Both sides 
employed a total of approximately 17,000 
chemical troops and caused 1,297,000 casual- 
ties, but only 91,000 of these were deaths. This 
is about cue-third to one-fourth the per cent 
of deaths obtained with other weapons. (Gas 
casualties are compared with casualties by all 
other mechanisms in Table 2-2.) Approxi- 
mately 9,000,000 artillery shells filled with 
mustard gas were fired, producing 400,000 
casualties, being nearly five times as effective 
as shrapnel or high-explosive sheila. One-third 
of the United States casualties were caused by 
gas, but only 2 per cent of these w're fatal, as 


compared with the 25 per cent fatality of non- 
gas victims (Ref. 24). 

The major participants in World War II car- 
ried chemical agents with them, but did not use 

them. However, a startling discovery was made 
at the end of the war, when it was found that 
Germany had stocks of a new gas of the nerve 
type, far more deadly than the standard gases 
of the Allies. The German supplies of these 
organic phosphates were seized by both the 
Western and Soviet forces. It must be assumed, 

then, that a chemical attack by the enemy using 
agents of the types described in this chapter 
is within the realm of possibility. 

2-31. (Cl MUSICAL CHARACTERISTICS OP 
THE PRIMARY CHEMICAL AGENTS 

2-31.1. (Ill General 

In the military use of chemical agents, there 
are four, predominant, operational factors to be 
considered in determining the most appropri- 
ate agent and method of application for a given 
tactical situation. These are: 

1. Availability of protection against chemi- 
cal agents, for enemy personnel. 

2. The nature of physical protection avail- 
able to the enemy. 

3. The urgency, with respect to time, of 
casualty production. 

4. Degree of acceptability to reaidual haz- 
ards. 

There is no complete protection against a 
specific weapons system, whether it be high 
explosives, chemical agents, biological agents, 
or nuclear weapons. Physical protection great- 
ly increases the high-explosive munition ex- 
penditure rates to produce a given casualty 


TAIL! 2-3. WORLD WAR I CASUALTIES 



Battle 

Casualties 

Deaths 

Non-Fatal 

Injuries 

Per Cent of Deaths 
Among Casualties 

Gas 

1,297,000 

91,000 

1306,000 

7.0 

Other Mechanisms 

28,010,000 

6391.003 

21,119,000 

24.6 

Total 

29,307,000 

6,9?' 000 

22325.000 

— 
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level. Likewise. chemical protection (protective 
mask* and clothing, and collective protection) 
will degrade the effect! vene»> of toxic attack*. 
However, under Held conditions, neither physi- 
cal nor chemical protection can be expected to 
prevent significant casualty effects. 

Suitable targets for chemicsi weapons in- 
clude enemy troop and artillery concentrations, 
reserves, logistical installations, and any other 
areas where enemy personnel may be concen- 
trated. 

Because chemical agents attack the body and 
produce specific damages according to the 
nature of the particular agent employed, the 
primary agents in this country's chemical 
arsenal are designed to range from the ex- 
tremely lethal to the mildly incapacitating. The 
basic types of agents, and their relative position 
on this effects scale, are described in following 
paragraphs. 

2-311 CC) Nerve Ageets 

The nerve agents represent the most re- 
cent development in the use of offensive war- 
fare chemicals. Their two outstanding 
characteristics are that they cannot be detected 
by sensory means, and they attack the body 
through the multiple routes of ingestion, in- 
halation, and absorption through the skin. 
Their effects are to attack the nerve ends which 
control the muscles, thereby disrupting bodily 
functions. The time required for incapacitation 
is very short, usually only a few minutes after 
a casualty dose is received; and death swiftly 
follows. 

The primary nerve agents are GB and VX. 
The former is a non-persistent agent which is 
most effective against unmasked personnel, be- 
cause of its high lethality through the inhala- 
tion of very small amounts of agent It can 
also cause casualties by its absorption through 
the skin, bat the incapacitating and lethal 
dosages required are quite high. VX is a per- 
sistent agent which is designed to attack pri- 
marily through the percutaneous route. It is 
extremely effective in causing casualties amonrr 
masked personnel, as only small amounts of 
•gent need to contact the skin. Its long per- 
sistency makes it a continuing hazard to per- 


sonnel traversing terrain and contacting 
materiel which has been contaminated. De- 
velopment work Is |\ progress to obtain A 
capability of dissem sting this agent as an 
aerosol, which wi, greatly increase the 
effectiveness of a given munition. VX also 
attacks through the inhalation route, but its 
primary value u a chemical agent is its 
characteristic of per - ,taneo"» action (Ref. 25). 

2-314. (U) glitter ApeaH 

The original bitter age:., introduced into 
modern warfare w? • mustard as. Tlie primary 
mustard agent is distilled nustard (symbol 
HD). In vapor form this is ^ite dense, and it 
can be initially detected by its garlic or horse- 
radish odor. This agent qt’ickly anesthetizes 
the olfactory senses, making subsequent sen- 
sory detection difficult, if not impossible. 

As a vapor, HD may be used primarily for 
the attack of masked, dug-in (in bunkers) indi- 
viduals through skin absorption. For attack of 
masked personnel in the open or protected by 
hasty field fortifications, it should be used pri- 
marily as a liquid, for skin absorption. This 
agent is primarily incapacitating and rarely 
results in death. Its primary effect is to cause 
deep burns on the skin and in the lungs, none, 
throat, and eyes. Casualties require consider- 
able medical care and nursing, and the severe 
burns are slow to heal. 

2-3T.4. <U) Riot-Control Aptots 

This family of nonlethal incapacitating 
agents find their main employment, in control- 
ling unruly crowds of persons, such aa in prison 
camps, or in dispersing refugees who are inter- 
fering with tactical operations. The agents may 
be disseminated in aerosol form, with vehicle- 
mounted or portable dispensers, or by hand 
grenades. 

The primary riot control agent is CS, which 
is a white, crystalline solid. It causes an ex- 
treme burning sensation in the eyes and a 
copious flow of tears, coughing, difficult breath- 
ing and chest tightness, involuntary closing of 
the eyes, stinging action on moist skin arena, 
sinus and nasal drip, and nausea and vomiting 
on exposure to extreme concentrations via in- 
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K»'st(yti. Tli<' nlUikt'il individuals "iilin-ly Jpsu- 
their will to di> anything but jM fivsh air. 
Generally, after several minute* in the riv.-li 
air (la to 20). the fresh air will ivstoro them 
la normal. 

1-31.5. (Cl Nonlcthal AtftrM 

These agents arc still 'nn.i 'r drvejepmcnt; 
however, ihey seem t<> po,"e.<s considerable 
is'tenlial as incapacitating agent*. They aflVt 
human beings by prMnciug severe mental and 
muscular incoordination, and perhap* even 
temporary paralysis. They aeera most ap- 
plicable against quasi-military forces, such as 
might be encountered in an international police 
action, and mu.v hnvo tactical significance in 
addition to their potential for mass population 
control. 

The primary’ incapacitating agent of this 
type currently under development is EA 2277. 
This agent is probably best disseminated in the 
form of a fine dust or smoke by large-caliber, 
medium-range missiles. In addition to physical 
incapacitation, most of the casualties from this 
agent wit! experience psychic abberrationa, 
such as marked confusion, disorientation as to 
time and space, various hallucinations and de- 
lusions, and loss of memory for periods of at 
least 24 to 48 hours. With larger dosages, the 
onset of symptoms will be more rapid, and the 
effects will be more pronounced and will last 
longer. 

It is believed that if a small amount of EA 
2277 is inhaled (.6 to 1.0 mg), 50 percent of 
the personnel exposed will become incapacitated 
within three hours, due to lack of muscular 
coordination and decreased visual acuity. Phys- 
ical incapacitation will probably continue .from 
five to fifteen hours after the onset of 
symptoms. 

2-32. (Cl OISSCMINATiCN SYSTEMS 
2-32.1. (Cl ftHtml 

(U) In order to accomplish the objectives of 
chemical munition systems (personnel control, 
incapacitation, or destruction) , the agents must 
be effectively disseminated over the Intended 
targets. Various delivery systems are avail- 
able, depending on the tactical situation. A 


somewhat detailed invsentatinii of the.-'! sys- 
tems is given in Ref. 2.1. (This reference 
smii ri! is doubly valuable, in that it also gives a 
more detailed treatment of the characteristics 
of chemical agents — 'summarized in (III. 5, Sec- 
tion VI nf the present publication.) 

(C) TIi- main criterion which dictates the 
required i > ;>c of dk semination hardware or 
munition is whether the agent Ls to j.rothnv 
i's effect- throuyh the inhalation or pun-u- 
tan. mu route. Agents disseminated primarily 
in the form of aerosol or, in the caw of a solid 
agent, lino particles of dust, i-iiHluce their 
effects through .inhalation. Audits in liquid 
form are designed to attack through the per- 
cutaneous route. 

(C) Conventional artillery, rocket, and mis- 
sile systems and munitions have been modified 
to provide agent delivery and dissemination 
capabilities. In this form, their use by field 
troops is simplified, and the shells, warheads, 
etc., are generally unrecognizable as chemical- 
carrying or dispersing munitions, providing sn 
element of surprise to their employment in a 
tactical situation. 

2-32J. (Cl Ot Systems aid Mmitieas 

This agent is extremely effective against un- 
masked personnel. Its primary delivery sys- 
tems are artilleiy weapons, rockets, missiles, 
and spray tanks. When GB is used in howitzer 
and mortar shells, it is considered to be a 
combination toxic-HE round, with the fragmen- 
tation effect about one-half that of a comparable 
straight HE shell.- The inability of personnel, 
under fire from this type of munition, to de- 
termine by sensory means that the round 
contains GB, makes this delivery system very 
effective against personnel without protective 
masks. 

This agent is also disseminated by explosive 
bomblet munitions which are carried in missile 
and rocket warheads. These delivery systems 
provide a greater range and wider area-cover- 
age capability, with fewer individual weapons 
batteries. The bomblets are deployed at some 
position in the air above the target by separat- 
ing the warhead skin with primacord. The 
submissiles, or bomblets, then are made to spin 
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about a selected axis. Tikis arms a fuze in etch 
bomblet, which detonates a small explosive 
charge on impact with the ground. The explo- 
sion bursts the bomblet casing and causes the 
liquid agent to form a cloud of fine droplets. 
The particular aerodynamic characteristics of 
a 'spinning object causes a phenomenon called 
the Magnus Effect.' This phenomenon causes 
tile liuftibleta to ir'ide at some small angle, thus 
allowing them .to be dispersed over a larger 
area. 

MctiToliigicul conditions such as wind 
velocity and direction, and temoornture and 
tomi'crnturo gradient, have sonic “ffect on the 
area coverage by the agent; however, the sub- 
ject will hut lie considered here. The interested 
reader may consult Kef. 25 fur more informa- 
tion on this particular aspect. 

Specific munitions which utilize GB as a 
chemical agent are the 4.2-inch shell, the 90-, 
105-, 115.:, 120-, 155-. and 176-millimeter shells, 
and the E130R2 bomblet Delivery systems are 
howitzers, mortars, guns, and rccotllcss rifles, 
and the BULLrUP, SERGEANT, LITTLE 
JOHN, and improved HONEST JOHN rockets. 
This agent can also be disseminated by the 
Aero 14-B aircraft spray tank. 

2-J2J. (Cl VX Systems sad Mssltjeu 

The fact that this agent is absorbed through 
the skin urakes it extremely effective against 
personnel in the open, even though they may 
be wearing protective masks. Also, its high 
persistency creates a continuous hazard for 
personnel who may come in contact with con- 
taminated terrain and materiel. 

At present, this agent is capable of being 
disseminated mainly by artillery shells, rockets, 
and land mines. Aircraft spray tanks are also 
considered standard agent delivery systems. 
There is currently underway a considerable 
amount of development work to obtain a bomb- 
let munition to be carried in missile warheads, 
the bomblet to be capable of disseminating VX 
agent as an aerosol. This system has great 
potential because larger area coverage and high 
lethality can be obtained with a lower missile 
expenditure rate. 


• 

Specific VX munitions currently available 
are the 155-mm standard-wall howitzer shell, 
the S-inch TITO howitzer shell, the 155-mm 
rocket, and the M23(E5) chemical land mine. 
The Aero 14-B aircraft spray tank is also 
available for disseminating this agent (Kef. 
25). 

2-32.4. (C) HD Systems aad Mwaltieai 

The principal use of tills agent is to causo 
delayed casualties by circumventing the mask. 
Delayed casualties will also be caused if the 
protective mask is not worn, by means of in- 
halation. HD in liquid form may be used to 
contaminate terrain and materiel, so as to 
cause casualties among troops encountering 
these contaminated surfaces. ( it Lb especially 
effective against dug-ln personnel in bunkers 
and in conjunction with barriers.) 

This agent is disseminated by howitzer 
shells, bombs, mortars, aircraft spray tanks, 
and land mines. Specific munitions and de- 
livery systems for HD are the 105- and 155- 
mm howitzer sheila, the 4 -2-inch M2 and M2A1 
mortar shell, the 115-pound M70A1 gas bomb, 
the one-gallon chemical land mine, and the 
Aero 14-B aircraft spray tank. 

2-32.5. (U) CS Systems eed MtmlHem 

Because of the nature of the employment of 
this uon-letha! riot control agent, relatively 
short range disseminating systems and muni- 
tions are required. It is possible that the agent 
may be used mainly at dose quarters, to con- 
trol crowds of disorderly or milling persons; 
hence, hand grenades and gas disperjen are 
the logical methods of disseminating the agent 
Munitions available are the M7A1 and M25A2 
hand grenades. Dispersing systems an the 
portable M3 unit, the helicopter- or vehicle- 
mounted M4(E16R1), and the skid-mounted 
GED 5000 CKM M2. Mon detailed informa- 
tion on these systems and munitions an given 
In Ref. 25. 

2-32.4. (Cl BA 2277 Systems mi MuhMms 

This agent is not yet fully developed as an 
operational, n on-lethal, chemical weapon, hence 
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little detail work has been done on specific dis- 
semination or uelivery systems. Probably the 
best means of dissemination will Ik* in the form 
of dust or smoke by lurge-calilwr. nuslium- 
rango rockets with minimal fragmentation. Its 
potential for the control of large groups of 
people, however, may Ik* so great that delivery 
and dissemination systems of other type* might 
have to lie developed. 


Ml, (S) AGENT EXPENDITURE RATES AND 
ARIA COVERAGE ESTIMATES 

( H Tallies 2-.1 and 2-4 provide typical data 
available on agent expenditure rates of the pri- 
mary toxic ehoinual agents, and of incapacitat- 
ing agent KA 2227, respectively. Table 2-6 
charts the area coverage fur various riot -con- 
trol agent dissemination systems and munition* 
(Ref. 26). 


Section IX (C )— -Biological Agouti 


2-M. <UI INTRODUCTION 

This section discusses the characteristics of 
biological agon's in general terms. A discus- 
sion of the effects of the agents is presented in 
Ch. 6, Purs. 5-21 and 5-211. lteeause of the 
nature of the material, some overlapping of 
data exists. 

Biological agents may be selected to achieve 
many utrategic objectives and certain tactical 
objectives. However, these agents are primar- 
ily strategic weapons because they provide no 
quick-kill effects and their optimum effective- 
ness . ccrues from the possibility of covering 
very extensive target areas (Ref. 29). The 


general purpose of biological agents for tactical 
consideration is to cause casualty effects in the 
enemy's forces in the field, ut oil possible 
ranges, for the pur)xise of weakening or de- 
stroying their capability to carry out their 
bng-range combat mission. Biological . agent 
weapon systems are characterised by the fol- 
lowing (Ref. 20) ; 

1. Small quantities of agent are required. 
For example, a small bomklet may con- 
tain several billion effective doses. Two 
or three such bamblcts can produce a 
satisfactory casualty level over an ana 
of about one aquarc mile. 


TAIL! 2-1 (S). STANDARD EXPENDITURE RATES POE PRIMARY 
TOXIC CHEMICAL AGENTS" 1 (U) 


Agent 

Men In Open 

Men With Overhead Cover 

No Muks 
Available 

Masks Available 

No Masks 
Available 

Meaks Available 

GB 

3.0 

36 

3.0 

36 <•> 

GB spray 

6.0 

— 

6.0 

— 

VX aerosol 

3.0 

12 

6.0 

24 

VX liquid •“ 

4.5 

4.5 

— 

— 

HD"' 

20.0 

140.0 

20.0 

140.0 


NOTKS: 

m Vslues givsn «r* bastd an ths standard criteria snumoratad in Rof. tS, and may not apply to very -m ill 
targets. Rates ate in pounds of agant par ktetara to achiava SO par cant caaualttsa, 

* Casualty lavil of 6 to IS par cant. For this situation, no highor tovcl of cssuaitios can br assured, duo to CB 
offsets. 

* Tfcaaa valuaa apply to air bur* or spray munitions. 

** Thaos ana mortis n valuaa for ths various typas of munitions. 
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TABLE 2-4 <C). ESTIMATED EXPENDITURE RA T CS AND DELIVERY REQUIREMENTS FOR 
SO PEE CENT CASUALTIES ON UNPROTECTED PERSONNEL. USING NONLRHAL 
AGENT EA 2277 (Rtf. 2S)'“ (U) 


Expenditure Rnte per Hectare 


Munition, with 
Average Agent 
Content 


Random Dispersal in 
Target Aren 
<30 lb/hectare) 


Upwind Target Edge Large Area Delivery 
Release on Target Requirements 

Leas Than 2 (1 aq mile) 

Hectares m 
(50 lb/hectare) 


4.2-inch mortar 
( l lb agent) 

30 rounds 

60 rounds 1,1 

Not feasible 

155-nun howitzer 
(1.8 lb agent) 

17 rounds 

28 rounds 

Not feasible 

MS5 type area rocket 
<4 lb agent) 

8 rounds 

12 rounds 

1 

40 launchers 
(46 rounds) 

E42 type area rocket 
(10 lb' agent) 

3 rounds 

6 rounds 

31 launchers 
(26 rounds) 

Mechanical smoke 
generator 

— - 

1 generator for 

30 minutes 

392 generators for 20 
minutes 

Mars type turbine 
generator 
(ktw lb agent per 
hour) 


1 generator for 

6 minutes 

104 generators for 16 
minutes 

Cargo aircraft w/ 

10 , 01)0 1U payload: 




Bomb 

(15^c agent payload) 

— 

— 

9 aircraft 

Dust spray 
(8,000 lb agent) 

— - 

— - 

1% aircraft 

Fixed-wing airuafl; 




Fighter-bomber 

■pray 

<600 lb agent 
payload) 


1 per 10 aircraft 

26 aircraft 

L20 type apray 
(400 lb agent 
payload) 

~ 

1 per 8 aircraft 

32 aircraft 

30-lb smoke-pot type 
munition 
(6 lb agent) 

MW 

9 pots 

2,160 pots 
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Expenditure Bate per HccUi " 



Munition, with 
Average Agent 
Content 

Random Dispersal in 
Target Area 
(30 lb hectare) 

Upwind Target Edge 
Release on Target 
Less Than 2 
Hectares “* 

(30 lb hectare) 

Large Area Delivery 
Requirements 
( 1 sq mile) 

i 

Irritant gas disperser: 





M3 typo 
<13 lb agent) 

Point target only 

Not feasible 

Not feasible 


M-i type 
<80 lb agent) 

— 

1 diaperapr 

Not feasible 

Grenade: 




Burning type 
(9 grenades per lb 
agent) 

Point target only 

— 

— 

Bursting type 

(22 grenades per lb 

agent) 

Point target only 

l 




J* lu ? ,r * h “r* 1 0,1 1 conMrvWlv »- preliminary eitimstt. M»t#orolo K ic*| rondllioni ar« otendnrd. with 
4 mph wind m iwutr.1 t.m,wr.t U r* gradient. C«««Uy r.t. i. BO pur cent For MsndM Hr rentcuualtUa 
multiply Miwnditurv rate by 0.8 and 14, re*p«ttv*ly. ^ cswsium, 

2 Awll«to^rSttaiTuJ‘n2 hwUrJJ!™* 01 r * , * 2 3 4 * 6 “ from flylnjr 100 feat abort ground. 


2. Largo areas can be covered at low cost. 
As an example, one bomber aircraft 
flight can cover about 1,000 square 
miles, producing a casualty rate as high 
as 70 per cent. 

3. Biological attacks are insidious. They 
cannot be detected by any sensory 
means, nor are warning or detection 
devices satisfactory or available for Aeld 
use. 

4. Biological agents in aerosol form will 
penetrate fortifications and other struc- 

tures, 

6. The spent* can be selected to provide 
gradation of effects, from mildly in- 
capacitating to highly lethal. 

6. Biological effects are delayed. For some 
agents, the time to take effect may be 


one to three days; for others, as much 
as three weeks may be required. 

7. Except for biological agents dissemi- 
nated by insect vectors, personnel «i« 
infected by breathing the agent 

8. For a few agents, immunization is avail- 
able. In some instances it may bo pos- 
sible to overwhelm this immunity by 
increasing the amount of agent used, but 
the logistical requirement for a given 
.strike aril) be greatly increased. 

9. Biological agents, being living organ- 
isms, tend to die off at predictable rates, 
both in storage and after release as an 
aerosol. 

10. Biological agents, once released, nr* af- 
fected by the climatic condition!). Sun- 
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light and relative humidity greatly affect 
the survival time of curtain agents. 

Thaw characteristics apply, in moat part, to 
attack* on human boiugs. A discussion of bio- 
logical agents as used agaiiu>t animal* and 
crops is presented later in this section. 

In addition to being classified according to 
their lethality, and by the form in w hich they 
are disseminated, bit logical agents can be 
grouped under various microorganism types. A 
discussion of these types of microorganisms is 
presented in this section. 

Biological agents can be delivered by various 
weapons systems and disseminated over the 
target by various munitions. Some of these sys- 
tems and their corresponding munitions are 
listed later in this section. 

The complex nature of the field of biological 
agents and of their employment as weapons 
necessitates the rather brief treatment given 
in this publication. The interested reader 
should consult References 28 and 30. 


The real potential of biological agent* lies in 
the future; if they arc fully exploited, they can 
become ono of tin* must potent and selective 
weapons available. Because they haw not been 
tested under actual field conditions against ]>or- 
5onucl, their effects arc difficult to assess posi- 
tively with regard to such characteristics as 
their sensitivity to climatic conditions, lrvnl of 
casualty production, persistency, and epidemic, 
logical capabilities. Biologiea’ agents dissemi- 
nated in aerosol form cannot be detected by 
sensory means. Inse :t vectors cannot be readily 
identified from normal arthropods without 
adequate sampling and laboratory testing. 
These factors make early detection extremely 
difficult. By the time insect incubation has 
been completed, wide dissemination of biologi- 
cal agents could present an acute radical prob- 
lem to the target community. The potentials of 
biological weapons are thus considerably 
greater than those resulting from the natural 
or accidental spread of disease. On a small 
scale, their use might represent simply a sup- 


TA8U 2-4 (C). AREA COVERAGE DATA FOR VARIOUS CS TYFt 
GRINADIS AND DI5PERSUS IU> 


Munition 

Number Employed 

Wind Speed 
(mph) 

Area Covered 
(sqm) 

Effective 

Distance 

Downwind 

<m) 

M7 

Burning-type grenade 

l 

9-15 

250 (approx) 

35+ 

M25A2 

Bursting-type grenade 

3 

12-18 

1200 (approx) 

90+ 

M3 

Portable irritant gns 
disperser 

Single filling (25 lb of 
agent) 

4-6 

2300-3800 

200+ 

M2 skid-mounted 
irritant gas disperser 
(mounted on vehicle) 

40 ib of agent — 
Vehicle sliced 9 mph 

12-15 

Discharge 

distance— 

600 meters 

500 

M l helicopter- 
mounted irritant gas 
disperser (mounted in 
H-19 or larger 
helicopter) 

100 lb of agent — 
Helicopter speed 

50 mph — 

Helicopter height 

60 feet 

15 

Discharge 

distance— 

500 meters 

500 
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plemcnt to the wit present lieulili haz.'irils, Init 
on a largo scale the employment of biological 
agents mn have a dova dating eitVrt, nut imly 
i>u the troops in the field, but on tlio civilian 
population in m in*itri>y ami qui*e removed 
from tire .’.one of military operation. 

2-JS. CO > TYPES OP BIOLOGICAL AGENTS 
2-35.1. Greet ul 1**1. iJ) 

Bielog U:.t ar 'iiis. when used militarily, can 
ho c'assiind on the basis of persistence, con- 
tagious ability, or virulence. An agent able lo 
resist unfavorable conditions of environment 
for long periods of time is classed os a per- 
sistent agent. Most organisms, however, arc 
nonpersistunt agents, since they are sensitive 
to changes in temperature, food, moisture, 
tight, or sir. A contagious disease is one which 
will spread rapidly from person to person, 
either by direct or indirect contact. These are 
the diseases responsible for epidemics of all 
forms. Virulence, or potency, is a measure of 
the disease producing ability of a particular 
agent. The resulting degree of illness varies 
considerably, not only with the agent, but with 
the route of entry into the body, the site of at- 
tack, and the atrain of the particular organism. 
The effect of different strains of the same or- 
ganism may range from mild infection to fatal 
Illness. 

Agents may be biologically identified aa bac- 
teria, rickettsiae, viruses, fungi, and protozoa. 
Toxins produced by certain microorganisms, 
plants, insects and animals are also considered 
as a biological grouping for agent identifica- 
tion. 

The broad groups of organisms from which 
biological agents may be selected are described 
briefly in the following sub-paragraphs (Ref. 
23) . Additional details are found in Ch. S, Par. 
6-23.3. 

2-414. Bacteria 

The bacteria are a widely distributed group 
of typically oae-celled microorganisms, chiefly 
parasitic or saprophytic, ranging in size from 
T/60,000 to 1/2,500 of an Inch. They exhibit 
three chief typical shapes: spherical (coccus), 
rod -shaped (bacillus), and comma- or ipiral- 


shapeil (spirillum). They arc present every- 
where iu nature, being found in soil, water, nir, 
and animal and plant bodies, both living and 
dead. Some I Materia arc disease producers; the 
powerful toxins produced by some are also util- 
ized as biological agents. 

Most bacteria can bo grown very easily in 
simple broth; they do nut need living tissue 
for their cultivation. Examples of diseases 
caused by bacteria are typhoid fever, meningi- 
tis, tuberculosis, anthrax, brucellosis, glanders, 
tularemia, plague, bacillary dysentery, and 
cholera. 

2-45.3. Rickettsiae 

Rickettsiae are usually somewhat smaller in 
size than the bacteria, but Arc still visible under 
the ordinary microscope. They grow only with- 
in living cells, which makes production some- 
what complicated. T.wy are potent disease pro- 
ducers in man and are usually transmitted 
naturally by lice, ticks, and insect bites. Ex- 
amples of diseases caused by rickettsiae are 
rocky mountain spotted , typhus, Q fever, 
and trench fever. 

2-45.4. VI ruses 

The viruses are minute enough to be unde- 
tectable under the ordinary microscope, al- 
though some have been photographed with the 
aid of the electron microscope. Like the rick- 
ettsiae, they will grow only within the living 
cell; but it is known that they can survive for 
various periods of time in the sir. There is 
some indecision existing ss to whether these 
agents are living organisms or complex pro- 
teins capable of reproduction in living ceils. 

Viruses cause a number of diseases In hu- 
mans, animals, and plants. Mumps, smallpox, 
psittacosis (parrot fever), influenza, foot-and- 
mouth disease, fowl plague, Newcastle disease, 
Venezuelan equine encephalomyelitis, rabies, 
tobacco mosaic. East African swine fever, hog 
cholera, Rift Valley fever, and rinderpest are 
examples of virus infections. 

Ufi. Pssql 

Fungi Include such plants as the yeasts, 
molds, mildews, and mushrooms. These organ- 
isms are well known for their ability to cause 
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spoilage of foods .and fabrics. The fungi aro 
plants which are generally destitute of chloro- 
phyll. They reproduce primarily by means uf 
asexual spores. Several plant diseases ore 
caused by fungi. Among these are potato 
blight, cotton root rot, corn smut, nnd wheat 
rust Should attacks be made on food crops, 
certain of the agents used might be in this 
class. 

Generally speaking, diseases caused by fungi 
in humans are less severe than those produced 
by other microorganisms. They usually pro- 
duce mild, but often chronic diseases such os 
ringworm, athlete’s foot, and San Joaquin Val- 
ley fever. However, a few fungi are capable 
of producing serious diseases, such as blasto- 
mycosis (a chronic infection affecting the skin, 
lungs, liver, bones, spleen, and kidneys) in 
humans. 

2—31.4. Prato — 

Protozoa are single-celled, animal-like forms 
occurring in a great variety of shapes, and in 
many cases having complicated life cycles. They 
range in size from 1/26,000 to 1/260 of an inch. 
The protozoans are mostly aquatic and repro- 
duce by fission. A few types are parasitic. Ex- 
amples of diseases caused by these organisms 
are amoebic dysentery and malaria. 

Their complicated life cycles and reproduc- 
tion method cause problems of mass i oduction 
and transmission, which at the present time 
limit the application of this clasa as biological 
agents. 

2-34.7, Teslas 

Toxins, which are poisons produced by cer- 
tain microorganisms, and by certain Ash, jelly 
Ash, shell Ash, and Insects, must be considered 
as possible agents for biological weapons. They 
might be used iu two ways: either they could 
be produced outnide the body attd introduced 
into food and wounds; or the organisms pro- 
ducing Hiem could be used as agents. In the 
ease of botulism (a form uf food poisoning), 
for example, the toxin is produced outside the 
body and is eaten. The toxin produced by the 
botulism organism is the most potent known to 
be produced by nature. It is hundreds of times 


more poisonous thut phosgene, musta-d gas, or 
cyanide, attd it iu several times more toxic than 
rattlesnake or cobra venom. 

2-34. IU) AGENTS USED AGAINST 
NON-HUMAN TARGETS 

Foreign pathogenic organisms appear as the 
agents most likely to be used as weapons in an 
attack on animals or plants. Unusual organisms 
which can be employed as biological weapons 
against man are fewer in number, and it is 
probable that the common species will be 
favored. However, ail of the lower furms which 
v 11 ! attack buth man and animals have poten- 
tial characteristics for biological agents, be- 
cause they have two possible targets, and a 
large number of secondary human cases might 
follow an epizootic (epidemic among animals) . 

In the list of animal infections where man 
may be involved are such diseases as brucellosis, 
anthrax, glanders, Rocky Mountain spotted 
fever, tularemia, and plague. For many of 
them, eradication or control within the animal 
population is the only effective method of pre- 
venting human infection. Veterinarians and 
inspectors of meats and other animal food 
products may be the first to see the initial indi- 
cation of anti-animal biological agents. 

Pathogens or pests suitable for biological 
agent attack against plants could be ‘either of 
foreign origin or those confined to limited areas 
in the country attacked. To be moat effective, 
biological agents used against plants should be 
capable of severely damaging important crops, 
under the conditions that there are no immedi- 
ately available control measures. These agents 
must also be capable of persisting, accumulat- 
ing, and spreading under prevailing climatic 
conditions. 

A number of diseases and insects meet these 
requirements for employment against im- 
portant field crops such as rice, corn, wheat, 
oats, cotton, potatoes, and so forth. Losses 
caused by the introduction of several pathogens 
and pests might have serious attritions! effects, 
and might curtail the ability to export food and 
materials of p'ant origin, 

In countries such as China, wher’ rice is the 
primary food crop and the supply of it is always 
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s ' , fhe use of anticrop agents could wipe out 
tilt limited food supply by attacking this plant. 
^ iuiout rice, a great majority of the civilian 
■ pulation would suffer extreme hardship 
through lack of the diet mainstay. This would 
be certain to greatly damage the economy, and 
to result in famine. Luring the course of such 
a famine, the ability to maintain military op- 
erations would be drastically weakened, if not 
halted altogether. 

Indications of animal infection, even though 
the general symptoms are not noticeable, might 
be deviations in the normal behavior of animals, 
such as undue drowsiness or restlessness. Other 
symptoms which might appear with siwcific 
diseases in animals include lameness, dimin- 
ished milk secretion, ulcers, marked and rapid 
loss of weight, lowered reproduction capacity, 
bloody diarrhea, erosion or eruptions of the 
mucous membranees of the mouth, aischargos 
from the eyes, hemorrhages, and paralysis. 

Plant disease agents attack food, feed, fiber, 
oil, medicinal, or induatrial crops in a number 
of ways. They may attack the conducting tis- 
sues of plants and interfere with water move- 
me r t, or they may invade the soft tissues of 
leaves and roots. They may inhibit growth or 
cause lesions, rusts, or galls on specific parts 
of the plants. 

The symptoms which indicate that a crop has 
been attacked or infected will vary with the 
type of pest or the specific disease. Some of 
these symptoms include: water-soaked injuries 
to the foliage; shriveled and blighted kernels; 


injuries of the leaf sheaths and stems; orange 
colored blisters on stems and leaves; lumps on 
stems, leaves, buda and ears; mottled and 
wrinkled leaves: yellowing of leaves and black- 
ening of the veins; and general wilting and 
rotting. 

2-47. (Cl DISSEMINATION SYSTEMS ANO 
MUNITIONS (taf. 21) 

Biological agents may be delivered by vari- 
ous weapon systems. These include missiles, 
bomber aircraft, and spray tanks. The S.4-inch 
El 34 sphere is a submissile munition used to 
disseminate liquid agents. This munition might 
be delivered by the A/B, the C, the Sergeant, 
and the XM-50 missiles, or by bomber aircraft 
The 41/g-inch E120R1 and 2120R2 spherical 
bomblets can be used to disseminate liquid 
agcul*. These bomblets might be delivered by 
bomber aircraft. 

Flettner rotor-type munitions can be used to 
disseminate both liquid and dry agents. The 
5-inch version is used for dry fill It might be 
delivered by missiles such as the A/B, B, C, 
Sergeant and XM-50. The 7-inch Flettner rotor 
is used for disseminating liquid agents. It is 
primarily delivered by bomber aircraft 

There are under dc nt spray tanks to 
be used for the distemim...on of liquid agent 
The Aero 14-B aircraft spray tank is currently 
available for use with the A4D, F64-R, AD5, 
AD6, and AD7 Naval aircraft for disseminating 
biological agents. 


Section X (U)— Other Chemical Means 


2-41. INTRODUCTION 

In addition to the chemical agents., both 
casualty and harassing, there are various other 
chemical weapons. These may be placed in 
either of two major groups; offensive weapons, 
composed of the various types of nce.iditry 
weapons; arid defensive weapons, primarily 
composed of the various types of screening 
smokes. Although incendiary and smoke wea- 
pons arc now firmly entrenched in the chemical 
weapons system, their presence there is prob- 


ably an accident of history, or a convenient 
lumping together of weapons which were at one 
time odd or unusual (Ref. 23). 

Both incendiary and smoke weapons are 
known to have been employed as implements of 
warfare for thousands of years. Incendiary 
chemicals were used by the Greeks as early as 
1200 3.C., and they also were used in India and 
by the Romans at a very early date An early 
weapon was “Greek fire,” invented about 600 
B.C. This has the property of spontaneously 


UNCLASSIFIED 


2-36 



— ■ . .... .. — — ■ " m n*' «y 


bursting into flame on contact with water. 
Smoke has also been used since early times, as 
a screen for personnel and cavalry movements 
(Ref. 22). In more recent times, incendiaries 
and screening smokes were employed success- 
fully and extensively in both World War II and 
the Korean conflict. 

2-3*. THE INCENDIARIES 

Incendiary weapons, unlike the chemical 
agents, are primarily concerned with the de- 
struction of equipment and material, rather 
tlan with the infliction of casualties. The in- 
cendiaries have also been used against person- 
nel with considerable success, especially against 
massed troop movements. However, a broad 
survey indicates that incendiaries have found 
greatest application in the destruction of indus- 
trial installations, housing, fuel dumps, ammu- 
nition depots, etc. 

Modern military incendiaries may be grouped 
according to three types of materia) used: oil, 
metal, and a combination of oil and metal. They 
may also be grouped according to ignition 
characteristics, as: the spontaneously flammable 
materials, such as phosphorus; and those 
agents which require ignition, such as mag- 
nesium. 

The oil incendiaries contributed materially to 
our success against the Japanese in the Pacific 
during World War II. In 1942, the Japanese 
had entrenched themselves in coconut-palm log 
bunkers and had completely halted our advance 
on Guadalcanal These bunkers were nearly 
impregnable and ordinary high-explosive shells 
had failed to dislodge the enemy. With rela- 
tively little training and experience in the use 
of the flame thrower, the Marines successfully 
attacked and destroyed bunker after bunker 
with this weapon. 

The flame throwing technique waa so success- 
ful in the Pacific, Its use was extended to the 
European Theatre of Operations. Here it was 
not as successful at first, principally because 
of the limited range of the available flame 
throwers, but also because the incendiary was 
largely consumed during its passage to the tar- 
get. These defects were remedied to an extent 


by the use of heavier oil but the problem was 
not completely solved until Ml thickener (Na- 
palm) was developed. When mixed with gaso- 
line, this agent forms a Jelly which holds the 
gasoline mechanically. By <<s use, the gasoline 
may be ejected from a flame thrower and be 
only slightly consumed before it reaches the 
target On arriving at the target the fuel scat- 
ters in “blobs" which burn sufficiently slowly to 
assure a maximum incendiary effect. The oil 
incendiaries wen. not confined to flame throw- 
ers, but were used in incendiary bombs aa well. 
More than 750,000 Napalm bomb dusters were 
dropped on Japan, alone, during the Second 
World War. 

Another agent Ailing approximately the same 
role as Ml (Napalm) thickener waa 1M. This 
substance, a derivative of a synthetic rubber, 
provides a better burning composition than Ml. 
In addition, newer, improved thickeners » * 
now available. 

In most cases, oil incendiaries are equipped 
with white phosphorus igniters to insure igni- 
tion, because the bunting charge may or may 
not serve this function. Because the ignition of 
white phosphorus is prevented by water, a 
sodium igniter is used in oil incen d i a r ies that 
are to be dropped over water. 

Metal incendiaries include those c o n s i st in g of 
magnesium in various forms, and those com- 
posed of powdered or granular aluminum 
mixed with powdered iron oxide. Magnesium 
is a soft metal which, when raised to its ignition 
temperature of S23°C. bum vigorously in air. 
In either solid or powdered form it is used as an 
incendiary filling; in alloyed form it Is used as 
a casing for small incendiary bomba. Thermite 
and Thermatc are erampUe of aluminum and 
iron oxide mixtures which find employment as 
incendiary weapons. 

The incendiary grenade produces its effect 
by the burning of Therm&te. Thennate is es- 
sentially a mixture of approximately 73 per 
cent powdered iron oxide (Fe.0.) and 27 per 
cent powdered or granular aluminum. The 
aluminum has a higher affinity fur oxygen than 
iron; therefore, if a mixture of iron oxide and 
aluminum powder is raised to the combustion 
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temperature of aluminum, an intense reaction 
occurs (Ref. 3): 

Fe,0, + 2A1- A1,0, + 2 Fe + Heat 

Under favorable conditions, the Thermate 
reaction produces temperatures of about 4,000° 
F. This is high enough to turn the newly 
formed metallic iron into a white-hot liquid, 
which acts as a heat reservoir to prolong and 
to spread the heating or igniting action. An 
ignition-type fuze with delay element is used 
with this type of grenade. 

Incendiary mixtures of oil and metal pro- 
duce the same type of dispened effect as that 
obtained with oil incendiaries. These mixtures 
are usually in the form of a paste composed of 
magnesium dust, powdered iron oxide, and 
carbon, with a sufficient amount of petroleum 
distillate and asi 'alt to form the paste. PT-1 
incendiary is the major weapon of this type 
in use. The number of combustible elements in 
n bomb of this type assures ready ignition by 
standard nose and tail fuzes. 

2-40. THI SCHEMING SMOKES 
2-40.1. General 

The functions of the screening smokes are 
to obscure the enemy’s vision and to conceal 
friendly troop movements and installations. 
These smokes are not considered to be toxic in 
the concentrations which are normally used for 
concealment purposes. However, exposures to 
heavy smoke concentrations for extended pe- 
riods, particularly if near the source of emis- 
sion, may cause illness or even death. In con- 
fined spaces or closed compartments, the 
screening smokes are poisonous. 

Technically, a smoke is a dispersion of ex- 
tremely fine solid or liquid particles suspended 
in the air. Such particles reflect and absorb 
light, and reaujt in typical smoke clouds. White 
phosphorus (symbol — WP) and plasticised 
white phosphorus (PWP) are examples of sub- 
stances used to produce screening smokes. 

2-4QJL White Mwtperm 

White phosphorus is used both as an incendi- 
ary and a screening smoke, and Is character- 
ised by pillaring and rapid burning (Ref. 31). 

2-58 


When hot smoke rises rapidly, it produces the 
effect known as pillaring. In still air, the pillar- 
tag of WP nullifies its screening effect. WP 
pillars because it has such s high heat of com- 
bustion. Because WP is very brittle, the explo- 
sion of the bunting charge in the munitions 
in which it is used cause it to be broken into 
small particles, which burn very rapidly. This 
may enhance its usefulness as an incendiary, 
but also increases the pillaring. 

Direct physical contact with solid phosphorus 
will result in painful, slow-healing burns. The 
smoke produced by the combustion of white 
phosphorus will irritate the eyes, nose, throat, 
and lungs. These symptoms are rarely pro- 
nounced, however. White phosphorus smoke is 
corrosive toward metals. It has no ability to 
poison foodstuffs. 

WP is a standard smoke filler for hand 
grenades, rifle grenades, the 4.2-inch mortar 
shell, rockets, and artillery sheila. 

2-40.3. H6 Mixture 

HC mixture uses hexachloroethane (CCI,- 
CCI,} for the production of smoke. The physio- 
logical eff ects of HC are somewhat more drastic 
than white phosphorus, for this smoke has 
toxic characteristics in high concentrations. 

2-49.4. fS Mixture 

Sulphur trioxide-chlorosulfonlc acid solution 
(FS), is another very effective mixture that 
has been adopted as a smoke agent FS is 
irritating to the eyes, nose, throat and lungs 
as ordinarily used, but it is non-poisonous. The 
liquid agent is highly corrosive, especially so 
to the akin. 

2-40.S. The OH Smokes 

During World War II, a new method of 
smoke generation was developed, based on 
production of minute oil particles by purely 
physical means. The dls used are straight 
non-additive petroleum oils of high flash-point 
similar to light lubricating oils, and are gen- 
erally known us fog oils. The chemical agent 
symbols an SGF-1 and SGF-2. Oil fog gen- 
erators burn gasoline or other fuels, and the 
fog oil is vaporised in the hot exhaust gases. 
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At the gate* expand into the surrounding air, 
the oil vapot cools and condenses Into a white 
smoke or tog of high density, thus obscuring 
the vision. 

The oil smokes arc the least pjisonous of the 
screening smokes. Although there is evidence 


that petroleum oil smoke la carcinogenic, 
breathing or working in ft for extended periods 
seldom produces any IB effects. Since these 
smokes are petro eum oils, they an non-cor- 
rosive. In fact, iny condensation would have a 
lubricating or protective effect on metals. 


Section Xi ( U 1 — Thermal Radiation 


2-41. INTRODUCTION 

Associated with a nuclear explosion are a 
number of characteristic phenomena, aome of 
which are visible, while others are not directly 
apparent. Certain aspects of these phenomena 
will depend on the type of burst (air, surface, 
or subsurface). In addition, meteorological 
conditions, such as temperature, humidity, 
wind, precipitation, and atmospheric pressure, 
may influence some of the observable effects, 
although the overall characteristics remain un- 
changed. This section is concerned with ther- 
mal radiation and the phenomena associated 
with it The ball of fire, the mechanism of 
thermal radiation, attenuation, the effects of 
meteorological conditions and shielding, pri- 
mary and secondary flres, the phenomena of 
fire storm, and the effect of the type of burst 
will be discussed in sequence. 

2-42. PRODUCTS OP THE NUCLEAR 
EXPLOSION 

The fusion or Assicn of nuclear material in 
an atomic weapon leads to the liberation of a 
large amount of energy in a very small period 
of time within a limited quantity of matter. 
Aa a result, the nuclear products, bomb casing, 
weapon parts, and the surrounding air are 
raised to extremely high temperatures, ap- 
proaching those in the center of the sun. 

The maximum temperature attained in a 
nuclear explosion is probably several million 
degrees. This may be compared with a maxi- 
mum of approximately 9,000° F in a conven- 
tional high-explosive bomb. The great heat of 
the nuclear explosion instantly converts the 
materials into gaseous form. Since these gases, 
St the instant of exploaion, are restricted to the 
region occupied by the original constituents of 


the bomb, tremendous pressures are produced 
in the order of magnitude of several miUio's of 
pounds per-square-inch. 

Within a few millionths of a second, these 
intensely hot gases appear in a roughly 
spherical, highly luminous mass. This is known 
as the fireball. Although the brightness de- 
creases with time, after about rsven-tentha of 
a millisecond the fireball from a one megaton 
(BIT) bomb would appear to an observer 60 
miles away to be thirty times at brilliant as the 
sun at noon. In several of the nuclear tests 
conducted at the Nevada Test Site, in all of 
which bombs of leu than 100 kilotons (KT) 
were employed, the glare at dawn has been 
visible more than 400 miles away. As a general 
rule, the luminosity does not vary greatly with 
the yield of the bomb. Therefore, the surface 
temperatures attained, upon which the bright- 
ness depends, cannot be very different despite 
the differences in the total amounts of energy 
released (Ref. 17). 

Immediately after its formation, the ball of 
fire begins to grow in size, engulfing the sur- 
rounding area. This growth is by 

a decrease in temperature and presaure and. 
hence, in luminosity. At the same time, the fire- 
ball rises, like a hotair balloon. After about 
one minute, the fireball has cooled to an extent 
where it is no longer visible. It his then risen 
approximately AS miles from the point of 
burst 

2-41. EMISSION OP THERMAL RADIATION 

Immediately upon formation, the fireball be- 
gins to emit thermal radiation. Because of the 
extreme temperatures, this radiation 
of ultraviolet rays as well as visible and in- 
frared rays. Certain phenomena associated 
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with the absorption of thermal radiation by 
the air in front of the flrebad (Ch. 4, Par. 4-7. 
5.2) cause the surface temperature to undergo 
a curious change. Although the temperature of 
the interior falls steadily, the temperature of 
the surface at first decreases more rapidly than 
this, then increases again, and, finally, falls off 
continuously. Thus, there are essentially two 
surface-temperature pulses: the first is of very 
short duration; the second lasts for a much 
longer period. This phenomenon is character- 
istic of all nuclear explosions, although the 
duration of the pulses increases with an In- 
crease in the energy yield of the explosion. 

Corresponding to the two temperature 
pulses, there sre two pulses of thermal radia- 
tion from the fireball (Ref. 17), as shown in 
Fig. 2-16. In the first pulse, the temperatures 
are extremely high, which results in a large 
portion of the radiation being in the ultraviolet 
range. Moderately large doses of ultraviolet 
radiation can cause painful blisters, and even 
small doses can cause reddening of the skin. 
However, the first pulse of thermal radiation Is 
not considered a significant skin-burn hazard 
for several reasons. One reason is that only 
about one per cent of the total radiation ap- 
pears in the initial pulse because of its short 
duration. In addition, the ultraviolet rays of 
this pulse are attenuated by the intervening 
air, making the ranges at which the thermal 
radiation could cause significant damage so 
short that other radiation effects are much 
more serious. 

The second pulse may last for several sec- 
onds. This emission carries approximately 99 
per cent of the total thermal radiation energy 
from the bomb. Became the temperatures sre 
lower than in the first pulse, most of the rays 
lie In the visible and infrared spectrum. It is 
this radiation which is responsible for most 
skin-burns of exposed personnel, and which 
causes the Ignition of a large number of sec- 
ondary fires. 

Of the total energy yield of a nuclear air 
bunt at low altitude, approximately one third 
is emitted in the form of thermal radiation. 
Hence, for* every l-kiloton yield of the explosion, 
approximately 3.3 x 10“ calories of thermal 
energy are liberated, an amount sufficient to 


convert over s million pounds of water into 
steam. 

2-44. DISTIIBtlTION AND ATTENUATION 
OF THERMAL EADIAT10N 

The extent of injuries or the amount of dam- 
age caused by thermal radiation depends upon 
the total amount of energy received by a unit 
area of skin, or exposed, combustible material. 
The thermal energy per-unit-area will decrease 
with distance from the ground zero (the point 
on the surface directly above which the bomb 
is detonated) for two reasons: The dispersal 
of the radiation over a constantly increasing 
area os it moves away from the fireball; and 
the atteuuation of the radiation in its passage 
through the air. 

if a unifonn distribution of radiation and no 
attenuation are assumed at a distance R from 
ground zero, then the same amount of energy 
wilt fall upou each unit portion of the surface 
of a sphere of radius R. The total surface ares 
of this sphere is 4*#*, and the energy received 

E 

per unit area is, therefore, — — , where E is 

4*R* 

the total thermal energy yield of the explosion. 
It is clear, then, that under the assumed condi- 
tions the energy received per unit area there- 
fore varies inversely as the square of the 
distance from the explosion. 

In order to obtain a more realistic estimate 
of the quantity of thermal radiation arriving 



(RELATIVE SCALE) 


figure 2-16. Smkd aw of Therma l to dfagqn 


UNCLASSIFIED 


2-40 




• at a particular unit area, however, the effect 
of atmospheric attenuation must be considered, 
j Attenuation la due in part to absorption by the 
molecules preaent in the air, and partly to the 
scattering or diversion of the rays from their 
original path. 

The absorption, or removal, of thermal 
energy rays by air molecules is most effective 
for the short wavelength (ultraviolet) rays. 
Oxygen molecules and ozone are quite slgniri- 
cant in achieving this effect. Although the 
proportion of ozone present in the atmosphere 
is normally quite small, considerable quantities 
are released by the interaction of oxygen with 
the gamma radiation from the nuclear cx- 
ploeiou. Because of thu absorption quality of 
the atmospliere, tho amount of ultraviolet 
radiation decreases rapidly with the distance 
from ground zero. At distances such that 
thermal radiation effects are mure significant 
than the effects of blast and nuclear radiation, 
the proportion of ultraviolet radiation present 
has become quite small. 

Attenuation as a result of scattering (the 
diversion of rays from their original path) oc- 
curs with radiation of all wave lengths. Scat- 
tering can be caused by collison with molecules 
present in the atmosphere, or, more important- 
ly, by the reflection and diffraction of light rays 
by particles of dust, smoke, or fog. This diver- 
, lion from the original path results in a dif- 
fused, rather than a direct, transmission of the 
thermal radiation, 

) . The decrease of thermal radiation energy due 

to scattering depends upon the wave length of 
the radiation and upon the prevailing atmos- 
pheric conditions. The different wave lengths, 
ultraviolet, visible, and ibfhtred, will attenuate 
at different rates. For most practical purposes, 
however, it is reasonably satisfactory, although 
certainly leas precise, to utilize a- mean attenua- 
tion avenged over all the wave lengths present 

The state of tho atmosphere as far as scat- 
I taring ia concerned will be represented by what 
I is known as the visibility range. This is defined 
as the horizontal distance at which a large dark 
j object can be seen against the horizon sky in 
daylight A rough correlation between the visi- 
bility and the clarity of the atmosphere is 
given in Table 2-6. 


TAIt* 2-t VISIBILITY AND ATMOSPHERIC 
CLARITY <R*i 17) 


Atmospheric Condition 

Visibility (miles) 

Exceptionally clear 

Mors than 30 

Very clear 

12-30 

moderately clear 

6—12 

Light haze 

2,5 — 6 

Haze 

1.2— CJi 

Dense haze or fog 

Leu than 12 


The attenuation is believed to increase con- 
tinuously with increasing distance. At any 
given distance the degree of attenuation does 
not vary considerably with the visibility, pro- 
vided the following conditions are met: the 
visibility range is between two and fifty miles 
(atmospheric condition ranging from light haze 
to exceptionally dear) ; the distance is half the 
visibility range or less; and the explosion does 
not occur beneath a cloud layer. 

The ineffectiveness of the atmoephere as an 
attenuator, when the above conditions are ad- 
hered to, can be directly ascribed to the effect 
of scattering. The thermal radiation received 
at a particular point can be attributed to both 
direct and scatter transmission. If the air is 
clear, there are very few suspended ps r tl c les, 
and the effect of scattering is small. In this 
case, the radiation motived is essentially only 
that which has been transmitted directly. If 
the air contains a moderately large number of 
particles, more radiation will be scattered and, 
consequently, a smaller amount of direct radia- 
tion will reach the target. However, subsequent 
scattering of already deflected rays (multiple 
scattering) generally results in sufficient scat- 
tered radiation arriving at the target to com- 
pensate for the loss of directly transmitted 
energy. 

However, It should be n oted again that this 
general condition applies only when the restric- 
tions previously mentioned are adhered to. In 
the event the visibility range is less than two 
miles, only a small portion of the thermal radia- 
tion will escape scattering. U this condition 
exists, the tremendous low in direct transude- 
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cannot be compensated for by multiple 
scattering. Consequently, there is s definite de- 
crease in the radiant energy received at a speci- 
fied distance from the explosion. 

Attention should also be drawn to the dis- 
tance limitation; the target in question is at less 
than half the visibility range. At greater dis- 
tances, loss of radiation to the atmosphere 
cannot be neglected. . In this circumstance, the 
assumption that the energy attenuation is inde- 
pendent of the visibility leads to estimates of 
thermal energy which are too high. 

Should the explosion occur in moderately 
clear air but beneath a layer of cloud or fog, 
the assumption is also invalid. Some of the 
radiation which would' 1 normally proceed out- 
ward into space will be scattered back to earth, 
reaulting in a greater amount of energy re- 
ceived than would normally be expected. 

A nuclear bomb detonated above a dense 
cloud, fog, or smoke layer has just the opposite 
result An appreciable portion of the energy 
will be reflected upward and must be regarded 
as lost as far ss the ground target is concerned. 
In addition, almost all of the radiation pene- 
trating the cloud will be scattered; very little 
will reach the target by direct transmission. 
These two effects result in a considerable de- 
crease in the amount of radiation reaching the 
target Chemical smoke acta exactly like a 
cloud or fog. A dense smoke screen between the 
point of burst and a given target can reduce 
the thermal radiation received os much as 90 
per cent 

Unless scattered, thermal radiation travels 
in straight lines from its source like ordinary 
light Any solid, opaque material will serve as 
an adequate shield against directly transmitted 
rays, provided it is between the target and the 
source. Transparent materials such as glass 
and plastics, however, allow the passage of 
thermal energy with only slight attenuation. 

Under hazy atmospharic conditions, a shield 
which merely intervenes between the target and 
fireball may not be sufficient The large pro- 
portion of scattered radiation will arrive from 
all directions, not from the point of bunt alone. 
This situation should be borne in mind in con- 


nection with the problem of protection against 
thermal radiation. 

2~4L DAMAGI IFFfiCTS 

Generally, two types of fires may result from 
a nuclear detonation. These are usually re- 
ferred to as primary and secondary fires. Pri- 
mary fires are those which are ignited by the 
thermal radiation from the bomb, and second- 
ary fires are those which indirectly result from 
the effects of bloat 

When thermal radiation strikes an exposed 
surface, it is partially absorbed and is immedi- 
ately converted into heat Since nearly all the 
radiation is delivered in a few seconds, there is 
not sufficient time for conductive heat transfer 
to take place. Consequently, exceptionally high 
surface temperatures result These high sur- 
face temperatures, dependent upon the color 
and nature of the substance, and the amount of 
thermal radiation received, may cause the ma- 
terial to scorch, char, or bunt into flames (Ref. 
23). 

Thermal radiation also results in injuries 
to personnel by means of painful akin burns and 
eye injuries. Again, the amount of radiation 
received and, therefore, the distance from 
ground sere, determine the extent of the dam- 
age. 

Usually, a great number of fires, both pri- 
mary and secondary, accompany nuclear explo- 
sion. This simultaneous burning effect may pro- 
duce the phenomena known as fire storm. As a 
result of ths huge masses of hot air and gases 
rising from the burning area, air la sucked in on 
all sides with great force, product g a strong 
wind which blows toward the center of the fire. 
Ths effect is similar to the draft in a chimney, 
except on a much larger scale. At Hiroshima, 
the winds produced reached velocities of 30 to 
40 miles an hour. The fire storm was a decisive 
factor in limiting the spread of fire, and caused 
an almost uniform bun-out area in which al- 
most everything was destroyed. It should be 
noted that a Are storm does not always ac- 
company n nuclear explosion, and it could occur 
with fires resulting from other origins. 
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In addition to the damage produced by the 
primary and secondary fine, thermal radiation 
may be an effective kill mechanism in a quite 
different manner. When a structure such as a 
bridge, building, or aircraft is exposed to a sub- 
stantial increase in temperature, a correspond- 
ing decrease in the strength characteristics of 
the materials composing the structure results. 
This decrease in structural strength causes the 
structure to become more vulnerable to the 
blast mechanism associated with the detonation 
ot a nuclear weapon. Should the increase in 
temperature be of sufficient magnitude, it is 
possible for collapse to occur without the addi- 
tion of any loads other than those normally im- 
posed on the structure. 


The foregoing discussion has referred in par- 
ticular to thermal radiation from an air burst 
For other types of bunts the results an the 
same, in general, but they differ in degree. For 
a surface burst on land or water, the amount of 
thermal radiation is leu than for an air burst. 
This is due in part to a portion of the therms) 
energy being absorbed by the eerth and water, 
and partly to additional scattering caused by 
the greater density of atmospheric particles at 
the earth's surface. In subsurface bursts, near- 
ly all the radiant energy ia absorbed by the soil 
or water. The thermal effects an then con- 
sumed in the vaporising of the soil or water, as 
the case may be. 


Sactloa XII (Cl— Nuclear Radiation 


2-44. (U) INTRODUCTION 

Nuclear radiation may be conveniently sepa- 
rated into initial radiation and residual radia- 
> tion. The initial radiation ia defined u that 
produced within the first minute after detona- 
tion of a nuclear weapon. All of the residual 
radiation, which arises from several sources, 
is produced after the first minute has elapsed. 
(Refer to Ch. 4, Par. 4-8.) 

As a hazard, radiation is primarily depend- 
ent upon the yield of the weapon and the type 
I and height of burst As might be expected, an 
increase in energy yield causes an increase in 
the nuclear radiation emitted. This, however, 
causes an enlargement of the area over which 
a given dose ia received. For a weapon air 
! burst (fireball does not touch the ground) es- 
sentially all the harmful radiation is produced 
during the initial phase (first minute after 
detonation). 

Such is not the case for underwater, under- 
ground, or surface bunts. In these instances, 
a large quantity of matter is pulled into the 
explosion and, consequently, is made radioac- 
tive. This material, coupled with the radio- 
active bomb reeidues, presents a significant 
residual radiation problem. The mechanics of 
nuclear radiation, both initial and residual, the 
type of radiations present, the distances at 
which they are effective, and the units with 


which they are measured, are presented in Ch. 
4, Par. 4-8.2. It is not necessary for this dis- 
cussion that they be repeated in detail here. 

Essentially, all types of nuclear radiations 
produce the same end effect* in, or on, various 
materials. The different types of radiation may 
produce variations in the magnitude of the ef- 
fects for equivalent exposures, but this is rela- 
tively unimportant when considering only the 
actual mechanism of kilL 

2*47. (ui physiological men 

Excessive exposure to nuclear radiations, 
such as X-rays, alpha and beta particles, 
gamma rays, and neutrons, can cause injury to 
living organisms. The harmful effects of radia- 
tion seem to be due to the ionization and excita- 
tion produced in the ceil* composing living 
tissues. As a result of ionisation, some of the 
constituents of tha cells which are eesentini to 
normal function i ng, an destroyed. In addition, 
the products formed during the ceil destruction 
process often act as cell poisons. Among the 
observed consequences of tha action of ionising 
radiations on cells an: breaking of the chromo- 
somes, swelling of the n ucl eu s, complete de- 
struction of tha cell, as increase in the viscosity 
of the ceil fluid, end increased permeability of 
the cell membrane. In addition, tha proesac of 
cell division (mitosis) ia delayed by exposure 
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to radiation. Frequently, the ability of tin* cell 
to undergo mitoaii is completely inhibited. The 
effect of nuclear radiation on living organisms 
la dependent not only on the total dose received 
but on the rate of delivery. The majority of 
living cells have the ability to recover at least 
partially if some time is allowed to elapse be- 
tween doses. The expected initial effects on 
living organisms are visible in the physiological 
symptoms produced: vomiting, nausea, diar- 
rhea, inflammation, fever, emaciation, and 
death. 

In addition to the initial effects, there are 
several consequences which do not become evi- 
dent for some years after exposure. Several of 
the more important retarded effects are dis- 
cussed in the following paragraphs. 

The incidence of cataracts seems to I - 
greatly increased in perse ns who were exposed 
to relatively large doses of radiation, but man- 
aged to survive the initial effects. Along the 
same line, a study of mortality rates in Japan 
indicates an enormous increase in the occur- 
rence of leukemia among aurvivora of the 
bombings at Hiroshima and Nagasaki. The in- 
cidence of leukemia among tliese aurvivora was, 
on the average, shout one in GOO, compared 
with one in 60,000 among the unexposed popu- 
lation of Japan (Ref. 17). 

There was also a marked increase over nor- 
mal In the number of stillbirths and in the 
deaths of newly-born infanta. A study of the 
surviving children made or five yean later 
showed an increased «y of mental re- 

tardation. 

The genetic effects of radiation are those of 
a long-term character which produce no visible 
injury in the exposed generations, but may 
have significant consequences to future genera- 
tions. These effects differ from moat radiation 
injuries in that they appear to be cumulative 
and, to a gnat extent, do not depend on the 
dose rata, but only on the total dose. 

The harmful effects of mutation may be quite 
varied, ranging from a decrease in life expect- 
ancy by a few months, to death in the em- 
bryonic stage. Sterility is another common re- 
auk The increase in genetic mutations seems 
to be in direct proportion to the amount of 
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radiation absorbed by the parents. There aeons 
to be no amount of radiation, however small, 
that does not produce some genetic change. 

2-4*. 1C) PHYSICAL KPKCTS 

Except for photographic film, which is 
clouded by neutron interaction with the par- i 
tides in the emulsion, and for electronic eq- 
orient which utilises transistors, no permanent 
damage to equipment results from neutron , 
radiation. There is evidence that exposure to 
a neutron flux in excess of 10“ neutrons per 
square centimeter permanently alters the char- 
acteristics of transistors. However, any elec- 
tronic equipment exposed to this flux of neu- 
trons from a nuclear weapon detonation (a 
likely to be destroyed or severely damaged by 
other aspects of the explosion. Discoloration of 
glass docs not occur for neutron fluxes less thin 
about 10“ neutrons per square centimeter, and 
thus can be disregarded as a significant effect 
(Ref. 16) . 

If the neutron flux is sufficiently high, s cer- 
tain amount of neutron-induced gamma activ- 
ity (Ch. 4, Far. 4-4.4) , results for most artides | 
made of steel The induced activity presents no 
significant hazard except for articles almost i 
within the fireball. Even then, the activity de- 
cays so rapidly aa to be negligible less than a 
day after exposure. Significant neutron-in- 
duced, beta- pat-tide radiation occurs in articles 
made of brass or other copper alloys. Again, 
radioactive decay reduces the activity to negli- 
gible levels in a short time. 

In general, damage to materials by gemma 
radiation requires massive quantities to be 
effective. Damage from some other weapon 
phenomena is almost always more significant 
Gamma radiation in excess of 10,000 roentgens 
can cause deterioration of rubber and other 
polymers, as evidenced by a decrease in tensile 
strength. Like neutron radiation, large quanti- 
ties of gamma rays can cause discoloration of 
glass. Sines gamma rays induce negligible 
radioactivity in materials, no residual radiation 
hazard is caused. 

In the absence of atmosphere, perhaps the 
moat damaging aspect of a nuclear detonation 
la the X-ray effect A large amount of energy 
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is rslesssd from the bomb u soft X-rays in an 
extremely short timo period. Those which 
atriks a solid surface deposit their energy 
within a thin surface layer. Although the total 
incident X-ray flux ir\y bo very low, the ma- 
terial in this thin layer becomes extremely hot, 
vaporizes, and blows oil at a high velocity. This 
blow-off causes an impulse tliat develops a 
shock wave in the remaining mntorial. The 
shock wuve then travels through the material 
layer and is reflected from the opposite side, 
which results in spalling from the rear surface. 
Thia effect is similar to the effect of fragments, 
in that damage is caused by the kinetic energy 
of internal particles within the target. In addi- 




tion, exposed optical devices and other fragile 
components are immediately destroyed. 

One other radiation phenomenon should he 
mentioned as a possible kill mechaniam. A large 
electrical signal is produced by the detonation 
of a nuclear weapon. This signs! consists of a 
sharp transient wave, with a strong frequency 
in the neighborhood of 15 kilocycles. Field 
strengths greater than one volt per meter have 
been detected at distances of 2,000 miles from 
the detonation of megaton-yield weapons. It 
can be expected that electronic equipment 
which responds to rapid, short-duration, tran- 
sients will be actuated by the pick-up of this 
phenomenon (Ref. 16}. 


Section XIII <U>- 

2-4T. INTRODUCTION 

The purposes of terminal effects fall into, two 
broad categories : the actual defeat of a target ; 
and the production of an effect (signaling, 
illuminating, screening) that will aid in the 
ultimate defeat of the target. Target illumina- 
tion, then, is a means by which the protection 
of darkness Is decreased and the target is 
tendered more vulnerable to the various kill 
mechanisms (Ref, 32). The illumination may 
bo provided by pyrotechnic devices (shells, trip 
flares, etc.), searchlights, or electronic aids. 

2-50. FYROTICHNIC DKVICIS 

Some common pyrotechnic devices which 
provide target illumination are illuminating 
shells, aircraft-dropped bombardment flares, 
and land-mine trip flares (Ref. 35). 

Illuminating sheila arc essentially parachute 
flares specially housed In shell casings for 
launching from artillery weapons (Ref. 33). 
Aircraft bombardment flares ure designed to 
provide illumination for night bombardment 
(Ref. 34). They, too, arc essentially parachute 
flares, but are housed in s bomb-like cssing. In 
both the shell and bomb flare, a time fuze sets 
off an ejection charge which expels the para- 
chute flare. Trip flares ere constructed like a 
"bounding" typo of antipersonnel mine ; or are 
aim Her to a hand grenade and fitted with a 
mounting bracket for attachment to trees, 


Target Illumination 

poles, etc. Both types of trip flares are usually 
set off by trip wires or foot contact (Refs. 33 
and 34). They are intended to give warning of 
enemy infiltration, and to silhouette the infiltra- 
tors so that they may be fired at. The "bound- 
ing" type is propelled into the air by a small 
ejection charge whon the flare ia actuated. Thia 
flare bus a parachute to delay Its fall. The 
grenade type flare is stationary and simply 
burns when actuated by the trip-wire. 

2-51. SlARCHLIftHTS 

Searchlights can also provide target illumina- 
* tion. The large 80-lnch diameter searchlight 
and the new 30-inch general purpose search- 
light can provide direct illumination, particu- 
larly in hilly terrain. Although these Ughta are 
not armored, they an relatively invulnerable 
to enemy small-arms fire and high -explosive 
attack because of the extreme difficulty in esti- 
mating range to the source of the light (Ref. 
36). Large, battlefield-illumination search- 
lights are most frequently used for indirect 
illumination, either by diffusion of a slightly 
elevated beam by atmospheric particles, or by 
reflection from low lying clouds. In this indirect 
mode, the 30-inch searchlight can provide 
illumination equivalent to quarter moonlight at 
a range of 10,000 meters. 

A new tank-mounted xenon searchlight re- 
places the 18-inch fighting light (visible ’<ght). 
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It will be used in conjunction with new in* 
frawd-visibla periscopes end binoculars. The 
xenon searchlight is mounted on the gun mant- 
let end is boresighted with the main armament. 
This searchlight has several lenses and filters 
concentric about the J^OO-watt xenon lamp. 
These elements route upon command r nm con- 
trols within the tank. The resultant five modes 
of operation an: visible light, compact or 
«pi‘>>ad; infrared light, compact or spread; or 
blackout (the lamp operating but completely 
obscured). This searchlight has 100-million, 
peak-beam candlepower. Its light beam pro- 
duces a dazzling or blinding effect in the eyes 
of the enemy, which hampers his aim and 
movement, and temporarily destroys his night 
vision. The dazzling effect of the light also citn 
provide concealment for movement of friendly 
units. ' 

2-12. ILICTRONIC DEVICES 

Electronic means to provide night vision for 
target acquisition and engagement are also 
available. These utilise nesr-infrared, low-light- 
level image intensification, and far-infrared. 
Near-infrared systems employ projected, in- 
visible, near-infrared light, and n viewer which 
convert the reflected infrared rays to a visible 
image. Low-light-level, Image-intensification 
equipments greatly amplify tho reflected na- 
tural night illumination to the extent that a 
useful visible image is obtained. Far-infrared 
devices utilize the far-infrared (or heat- 
energy) which is emitted by all objects to a 
degree dependent upon their temperature end 
surface characteristics. The body warmth of a 
man, end the heat from the engine compart- 


ment of a vehicle or aircraft, have a significant 
infrared signature to a far-infrared detector. 

Near-infrared systems have the advantage of 
very long range viewing and instantaneous 
imaging. However, Urn projected, near-infrared 
radiations may be detected by a properly 
equipped enemy. Tim low-light-level* image- 
intuuiillcation and far-infrared equipments are 
passive, but have leu instantaneous viewing 
ranges than comparable near-infrared devices. 

The only currently operational, electronic- 
imaging, night-vision equipments are near-in- 
frared devices. These vary from the hand held 
Infrared Weaponilght for the M-14 rifle to the 
Night Vision Kit for the M-60 tank. ’Hie latter 
consists of two similar periscopes for the gun- 
ner and commander, each having bom visible 
and infrared viewing channel' an iufrarert 
hand hold binocular, nnd the xenon tank- 
mounted searchlight. All of the viewers use a 
small, sinrie-atage, image-converter tube. 

The next-generation, night-vision equipment 
for tanks will consist, of low-light-tevel, image- 
intensification vie wore. These viewers will use 
three or more image tubes in series, in order to 
realize brlghtneu gains of 100,000 or more 
times. They will be designed us periscopes or 
articulated telescopes, as the particular applica- 
tion warrants. Remote-view, cloaed-cirruit, 
television-type, systems will also l<* available 
for use in thou situation.-* requiring image 
transfer. Special features such as selective, 
dual-capability, paulvo-ahd-actlve viewing 
modes, using either ambient night ilhiraiuniion 
or projected near-infrared, or using image inte- 
gration or storage for a brief time exposure, 
may be used to greatly increase viewing 
ranges. 


Section XIV (S)— Radar Jamming 


2-13. INTRODUCTION 

Radar jamming, in its broadest sense, may 
consist of any method of denial of radar-derived 
information by the opponent The method of 
denial m y take the form of deception or con- 
fusion and, in general, is limited only by tho 
ingenuity of the designer. 


The ability to perfom successful jamming is 
dependent on several factors. The first of 
course, is detection. This involves the locating, 
examination, end analysis of r’ectruznagnetic 
radiation to gain information about the op- 
ponent’s actions and intentions. Methods, here, 
can include ground monitor receivers, recon- 
naissance receivers, passive toil warning sys- 




tenu, and passive radar warning systems. In 
any event, an a priori knowledge of precisely 
what i j that one wishes to jam is required. 

The second factor is power. Whether decep- 
tion, the generation of false signals to simulate 
real ones and so mislead the opponent, or denial, 
the radiation of spurious signals to mask the 
signals needed by the opponent's system for 
proper operation, is selected as the desired 
countermeasure, it is necessary that the jam- 
ming signal be dominant. 

Successful operation of a radar requires the 
detection of the energy reflected from the de- 
sired target The power, S, received from a 
target is found from the radar equation 


S 


P, G, * A 
(4e)» 


( 2 - 2 ) ' 


where 

r, speak power transmitted by the radar 
Gi-on-axis gain of the radar antenna 
v- back-scattering cross-section of the target 
A = effective aperture of the radar antenna 
R — range from radar to target 
A jamming transmitter located in the target, 
If it la assumed that the total power will fail in 
the radar pass band, will deliver to the radar a 
power J, given by 


P, G, A 

4> R' 


(51-3) 


where P, ■jammer power 
G,=* jammer gain. 

The ratio of jamming power to signal power 
J/S becomes a significant parameter, and can 

be seen to be 


J/S- 


P, G, 4*JP 
P, G, • 


(2-4) 


Since J/S varies with range squared, it is ap- 
parent that for J/S greater than unity, the 
jammer rapidly gains advantage over the radar 
with increasing range. For J/S leu than one, 
the convene is true. We may then take the 
range for which the Jamming-to-signal ratio is 
unity as the maximum effective range of the 
radar. Beyond this range, the jammer will 
effectively deny the use of the radar. This par- 


ticular value of range is often termed the “self- 
screening range” of the jammer. 

Granting that the jammer has the ability to 
deliver a significantly greater power to the 
radur receiver than that received from the tar- 
get, the particular form that the jamming 
power takes becomes of interest 

Thu following paragraphs of this chapter 
discuss radar jamming methoda and present 
very generalized examples of presently con- 
ceived jamming equipment 

2-44. KADAI JAMMING METHODS 
2-54.1. Genre! 

All forms of jamming can be classed as either 
active or pwwive. Active jamming requires the 
generation and transmission of energy by the 
jamming source. Passive jamming takes ad- 
vantage of the radiated energy of the radar 
that is to be jammed, in some manner cal- 
culated to produco confusion. 

2-54.2. Passive Joiamisg 

Passive methods of jamming may consist of 
atmospheric effects, chaff, decoys, snti-radar 
coatings, or reflectors (Fig. 2-17). The atmos- 
pheric effects are simply fortuitous meteor- 
ological effects which may serve to occlude 
targets. Because these effects can, at beat, only 
happen to be operative on the radar frequency, 
and because they are not under control of the 
jammer, little consideration need bo given 
them. 

Chaff is the moat common and effective ma- 
terial and will probably still be employed in the 
coming decade. Chaff consists simply of thin 
metallic strips or metaliaed dielectric filaments, 
cut to a length so as to resonate in the desired 
radar bend. They ere disp en sed In mid-air, 
either in e continuous flow or in bunts. Con- 
tinuous flow methods are uaad to provide a 
corridor or shield (to provide • screen) behind 
which deployment of aircraft may be carried, 
out unobserved. Discrete burets are gene r a lly 
used to saturate a defense with false target!. 

Decoys will employ some form of solid re- 
flector, either comer reflectors, Luneberg 
leases, or the like, and may be self-powered, 
towed, or dispensed in a manner similar to de- 
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layed -opening chaff. The possibility exists that 
some form of mechanical shuttering or blinking 
may be uaad for angle-tracking confusion ; but 
■he, weight, and drag disadvantages make 
them of questionable value. Essentially the 
same tactics as for chaff may be employed in 
this case. 

Kadar-absorlient material:- have existed since 
World War II, and development work with 
them continues. Their principle is simple; the 
target object is covered or coated with a ma- 
terial that is transparent to radar or that does 
not re-radiate significant energy bock to the 
radar. All forms of wdar-absorljeut materia) 
developed to date have not been completely 
satisfactory for one of two reasons : they are 
effective only over a limited frequency range 
(resonant effects); or significant absorption 
can be obtained only with coatings several 
wavelengths thick. These considerations have 
limited their use on aircraft, and the presently 
available coatings have little practical use us a 
countermeasure. 

2-S4J. Active Jamming 

1443.1. The Two Basic Methods 

Active jamming requires the generation (or 
amplification) and the transmission of energy 
by the jamming aource. Two broad categories 


ran be established, depending on (he frequency 
Inuad occupied by the jamming signal. A wide 
baad system would be that radiating energy 
over a hendwidth greeter then that of the 
radar using jammed. A narrow band system 
would be one radiating in h bandwidth equal to 
or less than tit* bandwidth of the radar being 
jammed. The narrow band systems have the 
advantage of high power density (watts, mega- 
cycle) for a relatively small total output power. 
The wide band systems have the capability to 
jam a wide range of frequencies and several 
radars simultaneously. Considerably more 
jamming energy is required to disrupt ths 
radar than in the case of tho narrow band 
jammer. 

2-B4J.2. Wide Band Jamming 

Wide band active jamming may consist 
merely of the generation of random noise, 
either white or colored, having an inherently 
large bandwidth, or it may consist of the gen- 
eration of special waveforms having many fre- 
quency components. The possible wideband 
active jamming methods are indicated in Fig. 
2 - 18 . 

An impulse is an outstanding cast of a wave- 
form requiring a wide frequency bend. The 
impulse function, sometimes called the Dirac 
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or delta function, is an extremely narrow pulse 
in the time domain, tending to zero width Is 
the limit This function, when transformed to 
the frequency domain by the Fourier integral, 
will show frequency components extending 
from mro to infinity in the limit. While a pulse 
having a zerv width in time la not realizable, it 
may be approached to the extent of having a 
significantly greater bandwic'th than the ac- 
ceptance bandwidth of the radar to be jammed. 

Wideband swept jamming may consist of a 
narrow band of noise whose canter frequency 
is swept over a wide band, or it may consist of 
a simple continuous wavo which is swept in 
frequency. In general, the slowly swept eystems 


will use noise as the jamming signal, while the 
rapidly swept systems will use a continuous 
wavs. The advantage of the latter lies in the 
fact that, if the continuous wave is swept 
through the radar pass band at a sufficiently 
rapid rata (megicyclcs/aacond/second), a sig- 
nal will be genera t ed in the pass band having a 
time duration shorter than that normally used 
by the radar. This approachaa the impulse 
function case, with the result that the radar 
pass band is sssantislly filled with energy de- 
livered by the jammer. 

The basic, wideband, noise jammer is the 
barrage jammer, one which simply radiates 
wide band noise at high power levels. 
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The narrow band active jammers (Fie. 2-19) 
_allow greater sophisticatior V ..plication and 
in jamming results. Their u_* makes available 
to the jammer the techniques 'rf deception, as 
contrasted with the confusion tactics generated 
by the wide band systems. Because the fre- 
quency band occupied by the narrow band 
jammers Is no greater than the acceptance 
bandwidth of the radar, and because deception 
may be the desired result of the jamming, 
fairly detailed characteristics of the radar must 
be known to the jammer. 

The narrow band jamming methods may use 
continuous wave signals, either modulated or 
unmodulated, or continuous random noise, with 
the objective of saturating the radar amplifiers. 
The area of greatest sophistication in this held 
lies in methods of pulse modulation. Random 
pulses may be used with effects similar to those 
of an adjarant, friendly radar; or true, decep- 
tive-modulation methods may be employed. 

b. Deception R«|M[Uri 

(1) Basic Technique* 

The deception jammers ire all repeater type 
devices; that is. they receive the radar signal, 
operate on the signal in some fashion, and re- 
transmit the modified signal back w the radar. 
The purpose of repeater countermeasures is to 
disrupt or degrade the tracking capj ilities of 
automatic tracking radars, to the f-Unt that 
precise tracking data aic denlc JL This renders 
ineffective; to some extent, those weapons that 
require precise data for weapon control. The 
following sub- paragraphs describe some of the 
more commonly used repeater jammers. 

(2) Range 9* Stealer 

This repeater jammer samples the radar in- 
terrogating impulse instantaneously, stores the 
frequency, and repeats a synthetic signal that 
is several times stronger than that of the inter- 
rogating signal ana is in time coincidence with 
the radar echo. On subsequent interrogations, 
the returned signet is progressively delayed In 
time. When the radar range gate has been dis- 
placed sufficiently from tl.j target, the jammer 
is shut off and lock-on is lost The radar must 
then go through the range acquisition program 


again, at which time the jammer repeats the 
gate stealing cycle. By this method, range in- 
formation is denied to the radar, and weapon 
attack computations cannot be made. 

(3) Angle Track Breaker- 

Several modulation techniques are possible 
for this purpose. One consists simply of re- 
peating the interrogation signal with a super- 
imposed amplitude modulation at low frequen- 
cies, thus causing noise in the radar angle 
tracking channels. This, in turn, will increase 
the average tracking error, and possibly cause 
antenna deflections sufficient to cause loss of 
the target signal. Other modulation methods, 
effective against conical tracking radars, may 
consist of “inverse gain" modulation, or phase 
shift, to prevent the cracking radar from nul- 
ling on the true target position. Under the 
proper conditions, a phase shift r- pester can 
entirely prevent a tracking radar from de- 
termining a tracking error. 

(4) Velocity Gale Stealer 

These repeaters, designed for employment 
against Doppler radars, operate somewhat in 
the manner of the range gate stealers. In this 
case, the repeated signal is progressively 
shifted in frequency, so that the velocity gate 
of the Doppler radar is pulled off target 

2-4$. 1MPUMENTATION 
2-4S.1. General 

Aa has been shown in preceding paragraphs, 
them are numerous, possible methods of radar 
jamming. However, careful investigation of 
the pay-off for various radsr-countermsasurs 
games indicates that certain app r oa ch es and 
methods an more attractive than others. The 
designers of countermeasures equipment an 
wall aware of these areas; s survey of opera- 
tional equipment will show that the majority 
of jammers an speci fic ally intended to capital- 
ise on the vulnerable aspects of the radars. In 
addition, although countermeasures is an 
active, changing field, it is limited by com- 
ponent availability. For tbeee re asons, it is 
possible to establish very generalised jamming 
equipment characteristics, based on compo- 
nents pres en tly available, and on compon en ts 
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that an in the development stage but will be 
available in the near future. The equipments 
that will probably be used in the early part of 
the 1960-1970 decade are discussed in the fol- 
lowing sub-paragraphs, and are illustrated by 
generalized circuits. 

It is to be noted that the following descrip- 
tions and illustrations represent higMy con- 
ventionalized jammers, as indicative of design 
trends and equipment capabilities. The actual 
realization of the equipments is a considerably 
more complex undertaking than the diagrams 
might indicate. In addition, the frequencies 
and bandwidth* indicated are predicated on 
operation between 600 and 1,000 rac/s. A 
change of operating frequencies will require 
some readjustment of parameters. For ex- 
ample, if the operating frequencies are doubled, 
either the number of filters in the banks must 
be doubled, if the same frequency resolution is 
to be obtained, or. if the same number of Altera 
is used, the frequency resolution becomes one- 
half that indicated. These factors are the 
normal engineering compromises that must be 
made in any situation, but they ahould be kept 
in mind. 

MIX Uniform Barrage Jsmw e r 

This unit will have a total power output 
capability of 1.000 watta over an octave band- 
width. A programmer will allow the selection 
of any 6 mc/s band, or any combination of 
bands, at the discretion of the operator. The 
poorer density will vary with the number of 
bands in use, ranging from 200 w/rnc in a 
single bend down to 2 w/mc if all bands an 
uaod. A block diagram of this unit is shown as 
Fig. 2-20. Characteristics of this unit, and 
those that follow, are b ase d on a 600-1,000 
mc/s frequency range. Changes In this basic 
range will cause variations in the indicated 
values for power density and filter widths. 

14U Swept Barrage lammer 

This unit will utilize an output tube similar 
to that used in the uniform barrage jammer. 
An output power of 1,000 watts wfil be avail- 
able which, with e noise bandwidth of 60 mc/s, 
will yield a power density of 20 w/mc. 71 m 
■ weep width will be under the control of the 


operator and will extend from zero to 600 mc/s. 

The sweep rate may be varied between the 
limits of one sweep per minute to 6,000 sweeps 
per second. Fig. 2-21 is a block diagram of this 
unit. The voltage tuned oscillator will be a 
backward wave tube, to provide an octave tun- 
ing capability. 

MIX Composite Spat Jammer 

This unit will have the capability of either 
single spot or multiple spot jamming, et the 
operator’s demand. In addition, various auto- 
matic modes will be available in either the 
single spot or multiple mode. In operation, the 
received radar signal will be processed in a 
filter-detection bank and, based on that analy- 
sis, the appropriate filter-gates will open to 
jsm the frequency band which contained the 
received signal Look-through provisions will 
be provided to allow observation of the band 
being jammed, permitting the decision to con- 
tinue, or not continue, jamming. In single spot 
operation, a sequential mode will be available 
as well as the automatic mode. A simultaneous 
capabii y will provide multiple spot operation ' 
aa well as automatic modes. 

The equipment will utilize 1,000-watt final 
amplifiers, with a modulation bandwidth of 
5 mc/s providing a power density of 200 watts/ 
me, in tingle spot operation, or 200 
watts/me'radar when operated aa a multiple 
spot jammer. In either case, the frequency set- 
on will be automatic in 6 mc/s increments. 

Fig. 2-22 is a block diagram of this unit 

MIX Swept P r e qe eiey Tre aty— d r 

This repeater type unit will provide a swept, 
continuous wave across the frequency bond of 
any rtdar signal received. The sweep will be | 
sufficiently rapid to simulate impulse response 
in the radar paaa band, and a variable delay will 
be provided to simulate targets at ranges other 
than that at which the jammer is located. The 
peak output power will be 5,000 watts, with a 
signal swept over 60 mc/s at a rate of 40-mc 
per m i cro ee coud . The unit will have a multiple 
radar capability, limited by the avenge power 
capability of the output traveling wave tube, j 
and by the design capability of the program- j 
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mer. Th« probable capability will be from 1 to 
10 rmdera. Fig. 2-23 ia * block diagram of the 
unit 

2-0S.*. Hebe felee Repeater. 

Thb unit will be automatic in operation. 
The received ilgnal will cause a return signal 
consisting of a large noise pulse at the radar 
frequency. The peak power output will be 
5,000 watts, with a noise bandwidth of BO me/s. 
The power density will then be 100 w/mc. The 
unit will employ variable pulse width, with 
delay on return, and will be capable of respond- 
ing to at least ten radars. A block diagram of 
this unit is included as Fig. 2-24. 


2-15.7. Composite Rap— ter 

This unit is typical of countermeasures de- 
vices used for range gate stealing, or, by 
change of modulation methods, for angle track 
breaking, etc. The unit shown in Fig, 2-26 is 
equipment which wcuid be used for range gate 
stealing. As can be seen, it will simply provide 
a means of delaying the received radar signal 
for a variable period. In addition, the provi- 
sion for variable gain ia shown. This would 
permit the equipment to operate as an angle 
track breaker, if inverse gain modulation were 
used. The equipment will deliver a peak power 
of 1,000 watts at the exact radar frequency. It 
would be completely automatic in operation. 
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Chapter 3 (S3 

TARGET VULNERABILITY 

Section 1 (II) — Ptnonnol 


3-1. INTRODUCTION 

Personnel are vulnerable to numerous kill 
mechanisms, the most important of which are 
fragments, bullets, flechettes, blast, toxic and 
biological agents, and thermal and nuclear 
radiation. Although personnel are vulnerable 
to each of the kill mechanisms in different 
ways, the end effect is to render the individual 
incapable of performing his intended function. 

Fragments, bullets, and flechettes are con* 
tidered aa a single class of kill mechanism be- 
cause all cause their results by penetration 
and/or perforation. These projectiles can pene- 
trate into the major body cavities and limbs to 
cause damtge to the critical tissues such as the 
heart, lungs, and brain, etc., thus causing loss 
of fine and coarse muscular coordination of the 
extremities. Their effects range from Immedi- 
ate death, to incapacitation through loss of the 
use of ono or more limbs, to minor wounds 
which produce liLtle immediate effect, but 
which can become incapacitating if no medical 
treatment is svailable. 

3-1 INCAPACITATION CRITERIA 

As defined by current lethality criteria, the 
Incapacitation of a soldier refers to his inability 
to carry out his assigned duties. A soldier’s 
combat duties are various and depend upon the 
situation as well as his military assign- 
meat. Four military tactical situations have 
been choeen for defining in c apa c itation. These 
situations are assault, defense, reserve, and 
supply. The ability to see, hear, think, and 
communicate is considered es a fundamental 
necessity in all of the situations ; loss of these 
abilities is assumed to he incapacitating. 

Infantry soldiers in assault situations are 
considered to require the use of their arms and 


legs. The ability to run and to use both arms is 
desirable, and the ability to move about and to 
use at least one arm Is n e c essa r y. A soldier 
cannot effectively participate in an assault if 
he cannot move about and if he cannot use 
hand-operated weapons. Thus, incapacitation is 
defined for the assault situation. 

In a defense situation a soldier's need to 
move is considered minimal os long os he can 
operate hand weapons. His ability to relocate 
himself, although desirable, ia not necessary to 
the performance of some valuable duties. 

The third situation considered is that of 
troops held in reserve dose to the combat zone, 
and ready to be committed to the assault or 
defense. They are considered to be more vul- 
nerable to incapacitation than active combat 
troops, because they probably would not be 
committed to action even if the wounds re- 
ceived were relatively minor. 

The final military situation is that of supply, 
which includes vehicle driven, ammunition 
handlers, and a variety of other personnel, pos- 
sibly far from combat These troops would be 
hospitalized upon the loaa of use of an arm or 
leg, or foil even lest severe causes, and are 
considered to be very vulnerable to incapacita- 
tion. 

The time factor used in the incapacitation 
criteria ia the length of time from the wound- 
ing to the occ u rre n ce of loss of mascular co- 
ordination sufficient to tender n man ineffective 
in performing bis bum ion. To illustrate the 
need for a time factor, consider a soldiar in a 
defease position where it is not necessary that 
he move about Ha ia hit in the leg by a frag- 
ment which penetrates into the muscle and 
severs a peripheral artary. Although he may 
be limited in hie ability to move, ha is not con- 
sidered incapacitated. However, if he has no 
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medical attention the loss of blood will, in time, 
prevent him from functioning effectively, and 
he must then be considered a casualty. 

Psychological factors will have a definite ef- 
fect on incapacitation and may even void the 
entire organic approach. Among these factors 
are the fear of the unknown, as experienced by 
"green” troops, the effect of enemy propa- 
ganda, apprehension caused by personal prob- 
lems, and excessive loss of mental capabilities 
or of emotional stability due -to prolonged ex- 
posure to physical danger or to an abnormally 
hot, cold, or wet battlefield environment Owing 
to a lack of measurement standards, these fac- 
tors are not discussed in this section. 

Current lethality criteria relate the effects 
of wounds to the functioning of the extremi- 
ties therefore, the analyses of e soldier’s abil- 
ity to carry out hia mission are based primarily 
on the use of the extremities. However, direct 
wounds of some vital organ, such as an eye or 
the heart could be Immediately incapacitating 
for ell military situations. 

3-3. FftAGMINTS, 30 LUTS, AND HJCHETTIS 

The vulnerability of personnel to fragments, 
bullets, and flechettee (Refs. 1 and 2) has be- i 
discussed, thus far, only in relative terms; that 
is, a soldier in • given situation is either more 
or less vulnerable than another soldier in e 
different situation. To discuss personnel vul- 
nerability quantitatively, requires e more con- 
crete expression of whet vulnerability is. The 
expression now used is the conditional prob- 
ability, given a hit, that the target is incapaci- 
tated. This probability la baaed on the mesa, 
area, shape, and striking velocity of the projec- 
tile, because these (actors govern the depth, 
alas, and severity of the wound. These factors 
are evaluated for various tactical situations 
and rlspatti times from wounding to incapacita- 
tion, as described earlier. The experimental 
procedures the analytical of quan- 

titatively determining the conditional probabil- 
ity of incapacitation by fragments is given in 
Ch. 5. 

Although natural or man-made cover, such 
as trees or foxholes, has a definite influence on 
the actual probability of being hit, it has no 


bearing on the conditional probability, which 
assumes a hit. However, any combat clothing 
(i.e., body armor, helmet) reduces the striking 
velocity of the projectile, end hence influences 
the depth of penetration and the conditional 
probability that the target Is incapacitated. 

3-4. HAST 

The vulnerability of personnel to blast is de- 
pendent primarily upon the magnitude and 
duration of the peak overpressure and the 
transient winds (dynamic pressure) which ac- 
company an explosion. Blast effects may be 
conveniently separated into three phases, desig- 
nated primary, secondary, and tertiary (Refs. 
3 and 4). 

The injuries associated with primary blast 
effects are directly related to the peak over- 
pressure at the shock front. The arrival of the 
shock front is accompanied by s sudden in- 
crease in pressure which may produce consider- 
able damage to the human body by crushing, 
damage to the central nervous system, heart 
failure due to direct disturbance of the heart, 
suffocation caused by lung hemorrhage, dam- 
age to the gastrointestinal tract, or ruptured 
eardrums. In general, <buwgt is most definite 
in those body regions with the greatest varia- 
tion in tissue density and, particularly, in the 
air-containing organs of the body. Use of cover 
such as foxholes may not have much effect aa 
a protective measure because the reflected 
shock waves usually magnify the overpressure 
and, hence, the damage. 

Secondary bleat effects are those caused by 
the impact of penetrating end nonpane trating 
miss ilea which ere propagated by tire transient 
winds. The effects depend on the missile veloc- 
ity, mass, sisa, shape, composition, and density, 
ar.J on the specific regions and tissues of the 
body involved. The lethality criteria a e ao c iated 
with this type of penetrating missile are the 
same as those encountered with fragments, 
bullets, end flechattes. Nonpenetrating missiles 
Impacted against the chest can cause early 
fatality by bilateral lung lesions very similar 
to those caused by primary blast. Skull frac- 
ture, concussion, rupture and hemorrhage of 
the Uver end spleen, end skeletal fracture can 


UNCLASSIFIED 


8-2 




a 



i 


a 


4 


i 


< 





• rm >. 1 

^ .1 .1 .\ 

I i j— 




mult, u can crushing injuries from heavy 
masses of masonry and other building ma- 
terials 

The use of armor and protective equipment 
serve a purpose against secondary blast effects 
by reducing the velocity of the missiles, thus 
lowering the probability of damage. 

Tertiary blast effects are defined as damage 
which is a consequence of physical displace- 
ment of the target by the shock wave and the 
transient winds. Damage from displacement 
can be of two general types. One type involves 
the separation of , a limb or other appendage 
from the body. The other type results from a 
total displacement of the body, with the injury 
usually occurring during the decelerative phase 
of the translation. These injuries are com- 
parable to those resulting from automobile and 
aircraft w 'dents. The extent of the damage 
depends n the portions of the body sub- 
jected to accelerative and decelerative loads, 
the magnitude of the loads, snd the ability of 
the body to withstand these loads. In the case 
of nuclear explosions, the hazards of violent 
impact are of considerable importance, because 
of the great range and long duration of the 
blast winds. 

Miscellaneous effects of blast can involve ex- 
posure to ground shock, dust, temperature 
phenomena, contact with hot dust and debris, 
and conflagration heat from blast-produced 
Area. 

The nature of damage ft am ground shock 
concerns injuries from displacement, and im- 
pact with heavy objects, aa noted above. A 
sufficiently high concentration of dust, under 
certain circumstances, has proved fatal simply 
through deposits In, and obstruction of. the 
•mall airways o i the lungs. The danget dep. nds 
upon time of expo are and tha concentration of 
appropriately sized dust particles. Thermal in- 
juries involve burns from thermal radiation 
and other sources (Par. 3-6). 

Whan con s i de ri ng damage resulting from 
blast, it la not tha rule, nor ia it practical, to 
consider tha injuries on the basis of only one 
of the three phases. Injuries from explosions, 
nuclear explosions in particular, are caused by 
a combination of all the blast damage mecha- 
nisms. An example of combined blast injury 


may be quoted directly from the report on the 
Texas City explosion (Ref. 5). 

“A man, age thirty-nine, had just coma from 
loading one of the ships and warn standing on 
the pier facing the ship. When the explosion 
occurred, he was blown into the sky so high 
that he could see over a warehouse and then he 
was blown laterally into the water. He did not 
lose consciousness and was able to swim to 
land. The injuries sustained ware perforation 
of both eardrums, severe scalp lacerations, 
severe lacerations of left upper arm with ex- 
tensive infection, left ulnar (forearm) paraly- 
sis, and laceration of the right foot” All three 
damage phases were involved in this accident. 
The perforation of the eardrums resulted from 
the primary blast effects, and a combination of 
secondary and tertiary effects caused the lacer- 
ations and paralysis. 

3-5. FIRE AMD THERMAL RADIATION 

The vulnerability of personnel to lire and 
thermal radiation probably can be described 
beat in terms of their effects, as flam* and 
flash bums, respectively. The two types of 
burns can usually be disH^tuisbed by the char- 
acteristic-profile nature the flash burns as 
compared with overall b lag by flame burnt. 
Usually flash bums v.„, a limited to small 
areas of the body not covered by shielding, such 
as clothing. Flame bums, on the other hand, 
will cover large areas of tha body, became the 
clothing will catch on Are. 

The severity of flash boms will range from 
mild erythema (reddening) to charring of the 
outarmaat layers of the akin, with the severity 
being determined by the thermal energy 
received and the rate at which tha energy ia 
delivered. With flash bums, then ia no ac- 
cumulation of fluid under toe akin, aa there Is 
with flame bums. In addition, the depth of 
penetration is considerably leas than that as- 
sociated with injuries caused by direct flames. 

The degree and type of cover that tha in- 
dividual affords himself wih for the me t pert 
determine the amount of bums resulting from 
thermal radiation. Cover, however will not 
have much effect in reducing flame bums if the 
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combustible material around the individual is 
burning. 

Whan fire or thermal radiation an the 
products of bombs, the incapacitating effects of 
any bun- sustained will be magnified because 
many of the medical facilities will be either 
damaged or destroyed. As a result, medical at* 
tention will not be available. 

l-L IIOLOGICAL AND CHEMICAL AGENTS 

Biological and chemical warfare agents are 
designed primarily as anti-personnel agents. 
Biological warfare is the military use of living 
organisms, or their toxic products, to cause 
death, disability (either temporary or perman- 
ent), or damage to man, his animal*, or his 
crops. Chemical warfare is the military use of 
toxic gases, liquids, or solids to produce casual- 
ties (Refs. 6 and 7). 

Biological warfare agents are selected to 
produce many results, from brief but crippling 
disease to widespread serious illness resulting 
in many deaths, depending on the effects de- 
sired. Chemical warfare agents cause incapaci- 
tation by choking, blood poisoning, destruction 
of the nervous system, shock, vomiting, and 
various other effect i. 

Due to the seriousness of the effects, and 
because these agents are designed primarily 
for use against personnel, it is sufficient to say 
that personnel are vulnerable, and that the 
effects depend upon the particular agent, the 
concentration, and the duration of exposure. 
Any undisciplined group, particularly without 
protective gear such as masks, would be 
especially vulnerable to casualties and to panic, 
with complete demoralization resulting as a 
secondary effect 

1-7. NUCLEAR RADIATION 

Moat effects of nuclear radiation on living 
organisms depend not only on the total dose 


absorbed, but also on the rate of absorption, 
and the region and extent of the body sipneert 
However, a few radiation phenomena, such as 
genetic effects, apparently depend only upon 
the total dose received and are independent of 
the rate of delivery. In other words, the dam- 
age caused to the reproductive cells by radia- 
tion is cumulative. In the majority of instances 
the rate <J delivery is the important factor; 
that is, biological effect of a given total dose of 
radiation decreases as the rate of exposure 
decreases. For instance, if the whole kxx.y were 
exposed, 800 roentgens in a single dose would 
have a high probability of being fatal, but it 
would not cause death or haw; any noticeable 
clinical effects if supplied evenly over s period 
of 25 to 30 years. 

Different portions of the body show different 
sensitivities to vadiation, although there are 
undoubtedly variations of degree among in- 
dividuals. In general, the moat radio-sensitive 
parts include the lymphoid tissue, bone mar- 
row, spleen, organa of reproduction, and 
gastrointestinal tract Of intermediate sensi- 
tivity are the skin, lungs, kidney, and liver; 
whereas musck and full-grown bones are the 
least sensitive. Those parts that an the most 
radio-sensitive are not able to replace the dam- 
aged mils, or the rate of replacement is so slow 
that the functional ability is impaired. 

Although a large dose (450 roentgens or 
greater) will generally be fatal if administered 
over the whole body, the same dose received is 
a small area may mult in considerable damage 
to that ana, but the overall health of the in- 
dividual may not be seriously affected. One of 
the reasons for this difference is that when the 
exposure is restricted, the unexpoaed regions 
can contribute to the recovery of the injured 
area. The effects of cover will, therefore, in- 
fluence the amount of exposure, and thus the 
number of incapacitations. 


Section I! (U I— Ground Vehicles 


M INTRODUCTION 

Ground vehicles are vulnerable to a variety 
of kill mechanisms, with the most effective kill 
mech a n i sm depending on the type of vehicle. 


A customary method of classing vehicles is a> 
cording to armor protection, as armored ve- 
hicles or unarmored vehicles. The presence or 
s h e en ce of armor on a vehicle does not in it- 


8-4 


UNCLASSIFIED 


UNCLASSIFIED 


■elf determine the function or battlefield role 
of the vehicle. For example, a cargo-carrying 
vehicle, wheeled or tracked, armored or un- 
armored, haa logistic support as its role. 

In general, ground vehicles are vulnerable in 
varying degrees to shell fragments and armor- 
piercing projectiles, blast, fire, thermal and 
nuclear radiation, shaped charges, electronic 
jamming of communications equipment, and to 
any of these or other kill mechanisms which 
can affect the crew. Vulnerability to fragments 
and projectiles depends on the type, amount, 
and obliquity of the armor (if any), and on the 
mass, shape, and striking velocity of the im- 
pacting projectile or fragment 

In any vehicle vulnerability assessment the 
crew must be considered as a factor. The crew 
of a soft (unarmored) vehicle, unlike an air- 
craft or armored vehicle crew, are not normally 
considered to be a vulnerable part of the ve- 
hicle, because replacements should be available 
from the other parts of the vehicle convoy. On 
the other hand, it might be possible to im- 
mobilize an armored vehicle simply by in- 
capacitating the crew. 

Nuclear weapon effects Include: initistion of 
fires and destruction of protective coatings by 
thermal radiation; crushing of sxteraal equip- 
ment, and overturning by blast; and radiation 
damage to organic compounds, optical elements 
and electronic components. Vulnerabiliy is 
usually related to weapon yield, distance from 
detonation, type of burst, and environmental 
and terrain conditions. 

Tank tracks and running gear, and light ve- 
hicles with their cargo and crew, are vulnerable 
to conventional high explosive blast. Shaped 
chargee can provide penetration of heavy 
amor and cause damage, by the midual jet 
and beck spall, to internal components such as 
fuel, ammunition, engine, crew, steering con- 
trols, and firs control equipment Armored 
vehicles (as well as others) are also vulnerable 
to other specialized high explosive weapons such 
as plastic charges, which, when detonated on 
the outer surface of the armor, cause severe 
spalling of the inner surface. The spalling 
produces large numbers of high velocity frag- 


ments, damaging to crew and internal com- 
ponents. 

3-9. AIMOUO VIHICUS (Ref. t) 

3-9.1. General 

Armored vehicles can be divided into two 
basic groups; those meant to participate in the 
assault phases of offensive combat, the armored 
fighting vehicle (AFV) ; and those intended to 
participate in offensive combat, but not or- 
dinarily In the assault, of which type the 
armored infantry vehicle (AIV) and the 
armored seif-propelled artillery piece (AAV) 
are examples. Assault, in this context of of- 
fensive combat, is the final step in the attack 
during which the objective is physically over- 
run and taken. 

The relative amount of armor protection of 
the AFV, as compared to the AIV end armored 
artillery vehicle (AAV), is a distinguishing 
feature because the AFV is the only vehicle 
specifically designed to defeat armor-piercing 
projectiles end shaped charges. 

The AIV represents s class of armored, 
tracked vehicles which is adaptable to a wide 
variety of uses on the battlefield. A few ex- 
amples are armored personnel carriers, mortar 
carriers, ambulances, end command post ve- 
hicles. Increased mobility and limited protec- 
tion to the infantry are provided by the 
armored personnel carrier type of AIV, and to 
artillery weapons and cr ew s in the case of the 
AAV (Refs. 9 and 10). 

3-9.2. Arses red Ryfctiag Vehicles (Ref. 11) 

The AFV is typified by the tank, which com- 
bines the favorable assault characteristics of 
great firepower, mobility, shock action, and 
armor protection. In the normal combat situa- 
tion destruction of the AFV is not required, 
some degree of damage usually 

being sufficient. 

As t reference basis, certain damage categor- 
ies have been established for the AFV. M M” 
damage will cause complete or partial Immobili- 
zation of the vehicle. **P* damage causes com- 
plete or partial loss of the ability of the vehicle 
to fire its main armament and machine guns. 
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**K" damage will cause the vehicle to be 
destroyed (Ref. 12). Theee levels of damage, 
considered to be levels of functional impair- 
ment, are described fully in Ch. 6. 

The vulnerability of an AFV is usually 
thought of in terms of its resistance to perfora- 
tion hy armor-piercing projectiles, shell frag- 
ments, and shaped charges, and by its 
structural resistance to blaat from nuclear 
detonations or HE projectiles. In actuality, the 
vehicle or its internal components may be 
damaged to some degree by mechanisms which 
will not ordinarily destroy or cripple the ve- 
hicle. 

For example, bullet splash from small arms 
projectiles may enter small, exposed openings 
and clearances. (Bullet splash is defined as the 
dispersion of finety divided or melted metal 
which is produced upon the impact of a projec- 
tile on armor plate or other hard objects). The 
splash particles have been known to enter 
openings and make two or three right-angle 
turns before losing enough energy to be wn- 
lethel. The air grilles of engine compartments 
are normally susceptible to the passage of 
splash, because they are designed to allow the 
entrance of sufficient air to cool the engine. 
Tho clearance around a gun shield ia still 
another location where splash may enter. 

When the AFV is attacked with projectiles 
of various calibers, it Is possible for movable 
components to become wedged, burred, or de- 
tained in such a manner that their usefulness 
ia impair ui. This is termed immobilization of 
the part Las contrasted with immobilization of 
the complete vehicle) Movable components in- 
clude such items ea hatch covers, gun shields, 
complete tank turret* and the main gun tube. 

High explosive blaat (or nuclear blast) 
damage may be incurred in AFV armor struc- 
ture, especially where the blaat effect is con- 
fined. The impacting wave front will cause the 
armor place to act like a flexible membrane so 
that it vibrates back and forth like a drumhead. 
This same phenomenon may also be induced by 
the impact of armor pkretag projectiles. The 
resulting high- and low-frequency vibrations of 
ths structure impose a shock, which is a sudden 
change in the motion at the system that 


varies with ths magnitude and duration of the 
forces imposed. Even in those cases where the 
armor structure itself can resist the shock, 
interior components fastened to the armor 
structure may be severely damaged. Soma of 
these components may even become detached 
and act as secondary missiles. Traversing 
mechanisms, control and instrument panels, 
sighting systems, radios, turret bearings, and 
turret traversing gear rings are all important 
components that are apt to b« damaged by 
shock (Ref. IS). 

The armor distribution of the AFV is based 
upon resistance to ground attack, consequently 
the vehicle ia more vulnerable to air attack. 
Overhead amor protection (turret top, hull 
top. engine grilles) la usually considerably less 
than that found on the front and sides. Air 
attack can include strafing fire from small 
arms, small caliber guns (20 mm, and 
U. S. S. R. 23 mm and 37 mm cannons), 
rockets, and aerial bomba. Actual test data 
pertaining to the vulnerability of various com- 
ponents of armored vehicles, and suggested 
means for reducing their vulnerability, an to 
be found in Refs. 13 and 14. 

A successful means of attack upon the AFV 
is usually not found in some ideal weapon or 
kill mechanism, but rather in the proper 
tactical use of many available devices which 
will exploit the weaknesses of the AFV. Some 
of these weaknesses are Its considerable weight, 
exposed suspension and weapons, and poor 
vision when buttoned«up. 

Tactical defensive positions will be protected 
against the AFV by mine fields capable of dam- 
aging or destroying vshiclss by blaat, shaped 
charges. Napalm (buried), or any combination 
of these. As hostile tanka approach the posi- 
tion. small arms (bullets) and artillery fire 
(blast and fragments) employed against the 
tanks will force the tank craws to button-up 
and will hamper the vehicle commanders (by 
an impairment of vision) in controlling the 
movement of the vehicles. Armor -piercing 
and incendiary bullets, together with shell 
fragments, will damage some vision mechan- 
isms, and make the tanka more vulnerable to 
anti-tank weapons. While buttoned -up, the ve- 
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hides ere more likely to veer into nine fields, 
when many vehicles will at least become “M" 
damaged. Many of those tanks not immobilized 
by mines will be made so by direct blast effect 
from HE shells against the vehicle suspension 
system. Once the vehicle is a stationary target, 
it is more likely to be hit by direct-fire anti- 
tank weapons, where an T' or “K” kill can be 
more easily accomplished. In addition, the 
stowed ammunition and fuel in the vehicle pro- 
vide a source of destructive energy which can 
be ignited, thereby damaging the vehicle. 

3-9.3. A neared lafeetry nd Armored Artillery 
Vehicles 

The AIV and the AAV are provided with 
limited armor protection, consistent with their 
weight limitations and tactical roles. Such 
armor is resistant (at some given range) to 
small arms fire of caliber .60 or less, high ex- 
plosive shell fragments, and blast (up to a cer- 
tain size shell as specified for the vehicle). The 
AIV and AAV are generally vulnerable to any 
anti-tank weapon. This includes such devices 
as small caliber anti-tank weapons which fire 
AP projectiles (U. S. S. H. 14.6 mm, for ex- 
ample), the smallest shaped charges currently 
used by infantry troops, and almost any anti- 
vehicle land mine. 

The function of these vehicles does not re- 
quire that they seek anti-tank weapons ; rather, 
they attempt to avoid them. For example, an 
armored artillery vehicle does not normally 
encounter enemy gun positions; therefore, its 
armor is based upon providing protection only 
against shell fragments and some HE blast 
from counter-battery fire. Nor is the armored 
infantry vehicle intended to assault hostile gun 
positions. The armored infantry advance as far 


as possible in their personnel carriers, dis- 
mounting when forced to by enemy fire or when 
making the final assault upon the objective. 
The vehicular weapons of the personnel car- 
riers, either mounted-or dismounted, may then 
be used to support the attack from appropriate 
positions (Refs. 9 and 10). The AIV thus pro- 
vides support but avoids direct fire upon itself, 
because it is protected only by thin armor. 

3.10. UNARMORED VEHICLES 

The category of unarmored vehicles includes 
two basic types: those transport-type vehicles 
(trucks, tractors, jeeps, etc.) which have logis- 
tical support of combat forces as their primary 
mission; and unarmored wheeled or tracked ve- 
hicles serving as weapons carriers. Unarmored 
vehicles are often referred to as “soft" vehicles. 

An unarmored vehicle is not only vulnerable 
to all the kill mechanisms which can be used 
against armored vehicles, but also is vulnerable 
to most anti-personnel weapons (small-caliber 
ball ammunition, anti-personnel mines, many 
shell fragments which cannot perforate light 
armor, HE blast, etc.) . A quantitative measure 
of minimum-damage vulnerability for such a 
vehicle is to consider it a casualty if a part 
necessary for its operation is damaged to a de- 
gree which causes the vehicle to stop within a 
specified time limit. Although most of the pre- 
sented area of such a target, at some given 
aspect, may be perforated by projectiles or 
fragments without their striking a component 
required for operation, some of the components 
essential to operation (electrical, fuel, lubricat- 
ing, and cooling system) are especially vulner- 
able to impacting objects. These components 
are considered to be the parts most likely to 
fail under attack. 


Section III (Cl — Ground Structures 


3-11. (Ul INTRODUCTION 

An accurate knowledge of the response of 
structures and structural components to the 
various mechanisms of attack is of vital in- 
terest to the structural designer, military plan- 
ner, and those agencies concerned with military 


and civil defense. The nature of target loading 
and response, and the parameters governing 
this response, are required to es ta blish design 
and damage criteria and, hence, the vulner- 
ability of the structure to a specific damage 
mechanism. 
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The effect* of each of the possible damage 
mechanisms are produced by different means. 
Therefore, any Btudy associated with a particu- 
lar class of structure must be conducted with 
respect to a particular damage mechanism. 
When a target is exposed to a weapon which 
produces several damage mechanisms, such as 
those produced by a nuclear weapon, the pos- 
sible synergistic effects are ignored because the 
problem becomes too complicated. Only the 
mechanism most effective against the particular 
target is employed in the vulnerability analysis. 

Although structures are vulnerable to the 
great majority of kill mechanisms, only air 
blast, ground shock, and lire will be considered 
in the discussion of vulnerability which follows. 
These phenomena are considered as the most 
probable mechanisms which will completely de- 
stroy or severely damage the structure. Both 
surface and subsurface structures will be con- 
sidered in the discussion. 

With respect to air blast, tlw loading, in 
magnitude and duration, and the deflection and 
elasticity of the target element are the prime 
variables affecting the degree of damage. The 
target size and composition influence th< load- 
ing transmitted to the structure, by making it 
primarily either more susceptible to diffraction 
loading or to the drag forces produced by the 
dynamic pressures. Surface structures are 
usually most vulnerable to air blast 

Ground shock is primarily effective against 
structures located underground. The intensity 
of the shock wave, the type of soil formation, 
and the flexibility of the structure are moat sig- 
nificant in determining the degree of damage. 

Structural Area are usually a secondary result 
of some other damage mechanism. (For nuclear 
weapons, primary thermal radiation may pro- 
duce the fires.) Nevertheless, in many cases, 
the Are will spread sufficiently to cause severe 
damage well outside sthe lethal radius of the 
primary effect. The vulnerability of a structure 
to fire is largely dependent upon the com- 
bustibility of the building and its contents. 

Detailed information concerning the vul- 
nerability of ground structures to the above 
mentioned damage mechanisms is presented in 
the following pages. Additional information on 


target response may be found in Ch. 7, Par. 
7-17. Data related to target vulnerability an- 
alysis and computation of damage probabilitier 
is found in Ch. 7, Par. 7-20. 

3-12 (C) SURFACE STRUCTURES 
3-12.1. (C) Air Blast 
3-12.1.1. (C) Leading 

a. (U) General 

T'he loading on an object exposed to air blast 
is a combination of the forces exerted by the 
overpressure and the dynamic pressure of the 
incident blast wave. The loading at any point 
on a surface of a structure can be described as 
the sum of the dynamic pressure, multiplied by 
a local drag coefficient, and the overpresaure 
after any initial reflations have cleared the 
structure. Since the loading changes rapidly 
during the time the blast wave is reflecting 
from the front surfaces and diffracting around 
the structure, loading generally comprises two 
distinct phases. They are: loading during the 
initial diffraction phase (Ch. 2, Sec. IV); and 
loading after the diffraction is complete, or 
drag loading (lief. 15). 

Air blasts originate from two sources, namely 
conventional high-explosive weapons and nu- 
clear weapons. The loadings that result from 
the two sources differ due to the difference in 
overpressures and duration of the positive 
phase of the blast wave. Air blasts from con- 
ventional high-explosives have relatively short 
positive phases; therefore, the resulting load- 
ings are more important during the diffraction 
phase. The considerably longer positive phases 
of the blast waves of nuclear explosions make 
the resulting loadings significant during both 
the diffraction and drag phases. Figure 3-1 
shows the effects of the nuclear bomb explosion 
at Nagasaki. 

b. (C) Loading During Ik* Diffraction Phmm 

(U) A large dosed structure with walls that 

remain intact throughout most of the load dura- 
tion is primarily sensitive during the diffrac- 
tion phase, since most of the translational load 
la applied during this period. As the blast wave 
strikes this type of structure, it is reflected, 
creating overpressures greater than those inci- 
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Official U. S. Army PHotograoh 



Figure 3-1 . Area Around Ground Zmro at 
Nagataki, Mon and Attar tha Atomic Exphtlon 


dent thereon. Subsequently, the reflected over- 
pressure decays to that of the blest wave. As 
the blast wave progresses, it diffracts around 
the structure, eventually exerting overpressures 
on all sides. Before the blast wave reaches the 
rear face, overpressures on the front exert 
translational forces in the direction of blast 
wave propagation. After the blast wave reaches 
the rear face, the overpressures on the rear 
tend to counter the overpressures on the front 
For smaller structures, the blast wave reaches 
the rear face more quickly, so that the pressure 
differential exists for a shorter time. Thus, the 
net translational loading resulting from over- 
pressures during the diffraction phase depends 
primarily on structural dimensions. For some 
structures where wall failure takes place early 
in the diffraction phase, only the structural 
frame may remain, and essentially no 
load is transmitted to the structural frame 


during the remainder of the diffraction 
process. A longer duration blast wave does not 
materially change the magnitude of the net 
translational loading during the diffraction 
phase, or the resulting damage. In other words, 
the structure is primarily sensitive to the peak 
blast wave overpressure. Table 3-1 lists those 
types of structures which are generally affected 
primarily by blast wave overpressure during 
the diffraction phase (Ref. 15). 

e. (C) Loading During ike Drag Phare 

(U) During the diffraction phase, and until 
the blast wave has passed, dynamic pressures 
are also exerted on structures. Dynamic pres- 
sure loading is commonly referred to as drag 
loading. In the case of a large, closed structure 
the drag phase loading is small relative to the 
overpressure loading during the diffraction 
phase. For smaller structures, the drag phase 
assumes greater relative importance. For small 
area components such as the frame of a struc- 
ture after removal of siding, the translational 
hod applied as a result of the drag phase is 
much greater than the net translational load- 
ing from overpressures during the diffraction 
phase. For frame buildings with siding re- 
moved during the diffraction phase, the drag 
phase is the predominant factor in producing 
further damage. Likewise, for bridges the net 
load during the diffraction phase is applied for 
an extremely short time, but the drag phaae 
continues until the entire blast wave passes the 
structure. Because the drag phase duration is 
closely related to the duration of the blast wave 
overpressure, rather than to the overall dimen- 
sions of the structure, damage ia dependent not 
rnly on peak dynamic pressure but also on the 
duration of the positive phase of the blast 
wave. Thus, damage to this type of structure 
is dependent on weapon yield as well as peak 
target loading. 

(U) Table 3-2 lists those types of structures 
which are sensitive primarily during the drag 
phase. Some elements of a structure may be 
damaged more by loading during the diffrac- 
tion phase, other elements of the same struc- 
ture may be damaged more by the drag phase. 
The dimensions and orientation of a structure, 
together with the number and area of the open- 
ings and the rapidity with which wall and roof 
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TASU 3-1 (Cl. DAMASK TO TYFBS OF STRUCTURKS PRIMARILY AFFECTED BY 
BLAST-WAVE OVKRPRKSSURB DURINS THE DIFFRACTION PHASE (U) 
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Multistory reinforced con- 
crete building with rein- 
forced concrete walls, 
blast resistant designed, 
no windows, three story. 


Multistory reinforced con- 
crete building, with con- 
crete walls, small window 
area, live story. 


Multistory wall-bearing 
building, brick apartment 
house type, up to three 
stories. 

Multistory wall-bearing 
building, monumental 
type, four story. 


Wood frame building, house 
type, one or two stories. 


Oil tanka, SO fact in height, 
80 feet in diameter. 
(Tanks considered full; 
more vulnerable if 
empty.) 


Walls shattered, aevere 
frame distortion, incipi- 
ent collapse of first floor 
columns. 


Walls shattered, severe 
frame distortion, incipi- 
ent collapse of first floor 
columns. 


Bearing walls collepsu, re- 
sulting in total collapse 
of structure. 


Bearing mill coilapee, re- 
sulting in cdllapss of 
structure supported by 
these walls. Sortie bear- 
ing walls may be 
shieided enough by in- 
tervening trails, so part 
of structure may receive 
only moderate damage. 

Frame shattered ao that 
structure is for ths most 
part collapsed. 


Large , distortion of sides, 
seems split, to thet most 
of contents are lost 


Wails cracked, building 
slightly distorted, cn- 
tranceway* damaged, 
door* blown in or 
Jammed. Some spalling 
of concrete, 

Exterior wails badly 
cracked. Interior parti- 
tions badly cracked or 
blown down. Structural 
frame permanently dis- 
torted; spelling of con- 
crete. 

Exterior walls badly 
-racked, interior parti- 
> ns badly cracked or 
olown down. 

Exterior walls facing blast 
badly cracked, interior 
partitions badly cracked, 
although toward far end 
of building damage may 
be reduced. 


Wall framing cracked. 
Roof badly damaged. In- 
terior partitions blown 
down. 

Roof collapsed, sides abevt 
liquid buckled, some dis- 
tortion below liquid 

level. 


Windows nnd doors 
blown in. interior 
partitions cracked. 


Windows and doors 
blown in. Interior 
partitions cracked. 


Windows and doors 
blown in. Interior 
partitions eraeked. 


Windows and doers 
blown in. Interior 
partitions cracked. 


Roof badly damaged. 


pf nets fail, determine which type of loading la 
predominant in causing damage. 

£-12.1-2. <01 Response (Raft. 17. It aid 19) 

Structural characteristics determining re- 
sponse and damage are ultimate strength, pe- 
riod of vibration, ductility, dimensions, and 
mass. Ductility increases the ability of a struc- 
ture to absorb energy, and increases its resist- 
ance to failure. Brittle structures, such as those 
cf masonry construction, have little ductility 
and fail after relatively small deflection: Duc- 
tile structures, such as steel frame b i dings, 


have the sbill / to withstand large and even 
permanent deflections without failures (Ref. 4) . 
For each representative structural type listed 
in Tables 8-1 and 8-2, structural characteris- 
tics are similar enough that structures of a 
given type are considered to respond to ap- 
proximately the same degree, under identical 
loading conditions, despite a recognised vari- 
ability of unknown amount for each type. 

The' direction of the imposed load may have 
considerable effect on response. Moat struc- 
tures are able to withstand much larger verti- 
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In the ease of earth-covered surface struc- 
tures, the earth mounding reduces the reflec- 
tion factor and improves the aerodynamic 
shape of the structure. This results in a large 
reduction in both horizontal and vertical trans- 
lational forces. It is estimated that the peak 
force applied to the structural elements is re- 
duced by a factor of at least 2 by the addition 
of earth cover. The structure is somewhat 
stiffened against large deflections by the but- 
tressing action of the soil, when the building 
is sufficiently flexible. 

Air blast is also the determining factor in 
the damage to surface structures resulting 
from relatively shallow underground bursts. 
However, the distances from weapon burst to 
target, for a given degree of damage, are re- 
duced from those for a surface burst 

3-12.1.3. (Cl CfassJhceMea el DssMge 

a. flaw oj CUsMificmlian 

A major factor to consider in assessing 
structural damage is the effect of the damage 
on continued operations within the structure. 
If rugged equipment is mounted on a founda- 
tion at ground level, major distortion or even 
collapse of a structure may not preclude oper- 
ation of the equipment. Conversely, if the 
equipment is tied in with the structural frame, 
distortion of the structure may prevent or seri- 
ously affect operability. No satisfactory gen- 
eral method has been developed for relating 
damage of structures to the damage to opera- 
tional equipment contained in the structures. 
This relationship may be established for par- 
ticular cases of interest on an individual basis. 
In general, severe structural damage approach- 
ing collapse entails a major reduction in oper- 
ating capability. 

t. CeewHwwi Bomb Dammg e Cimttifictuioti 

Due to the differences between conventional 
and nuclear bombs, their damage classifications 
are different. Since the effects of conventional 
bomba are usually local on a large structure, or 
around the point of burst, there are two dam- 
age classifications: "structural”; and "super- 
ficial." The danmge descriptions of these two 
classes are similar to the last two classes for 
nuclear explosions, as indicated below. In the 


case where the structure is small, the struc- 
tural classification for conventional bombs may 
extend into the first class listed below. 

c. Nuclear Bomb Damago Clarification 

There are three damage classifications for 
nuclear explosions, described in following sub- 
paragraphs. A more detailed description of the 
application of these classifications to specific 
targets is given in Tables 3-1 and 3-2 (Ref . 16 ) . 

(1) Severe Damage 

That degree of structural damage which 
precludes further use of a structure for the 
purpose for which it is intended, without essen- 
tially complete reconstruction. Requires exten- 
sive repair effort before being usable for any 
purpose. 

(2) Moderate Damage 

That degree of structural damage to princi- 
pal load carrying members (trusses, columns, 
beams, and load carrying walls) that precludes 
effective use of a structure for the purpose for 
which it is intended, until major repairs are 
made. 

(3) Light Damage 

That degree of damage which results in 
broken windows, alight damage to roofing and 
siding, blowing down of light interior parti- 
tions, and slight cracking of curtain wails in 
buildings, and as described in Tables 3-1 and 
3-2 for other structures. 


Ground shock has to be so intense in order 
to cause serious damage to foundations of sur- 
face structures that the damage area for these 
structures is confined closely to the crater area 
of a surface or underground burst. Since the 
eir blast at these ranges will be most devastat- 
ing, the ground shock damage is neglected. 


The vulnerability of a structure to fire is 
dependent upon many factors. Soma of these 
factors are: the combustibility of the building 
and its contents; the existe n ce and adequacy of 
fire-stop partitions, etc; the weather conditions; 
etc. 
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Fires caused by high-explosive and nuclear 
bombs an for the moat part, except possibly in 
the case of high-megaton yield nuclear wea- 
pons, due to secondary blast effects. The major- 
ity of such fires are caused bv the breaking 
open or upsetting of tanks, drums, pipes, ovens 
or furnaces containing hot or highly inflam- 
mable materials, or by electrical short circuits. 

In the case of the nuclear bomb, damage also 
may result from thermal radiation. Primary 
thermal radiation is seldom a factor in damage 
to structures. However, since exterior and in- 
terior surfaces of many structures are covered 
with protective coatings (paint), these cover- 
ings may be scorched at moderate levels of 
thermal radiation from the fireball. All struc- 
tures, whether principally of steel and concrete 
construction, or of wood, contain some com- 
bustible material, and it is likely that some 
kind of kindling fuels will be present. There- 
fore, the possibility must always be considered 
that fire may be initiated in kindling fuels and 
spread to other components. 

Certain classes of Burface structures, such as 
badly weathered or ratted wooden buildings, 
buildings with thatched roofs, houses with 
lacquered paper windows, etc., may be ignited 
by direct thermal radiation, with resultant self- 
sustaining fires (Ref. 15), 

3.13. 1C) UNDERGROUND STRUCTURES 
3-13.1. Air Blent 

Air blast is the controlling factor for damage 
to lightweight soil-covered structures and shal- 
low-buried underground structures. The soil 
cover provides surface structures with substan- 
tial protection against air blast and also with 
some protection against missiles. 

Light-weight shallow-buried underground 
structures are those constructed deep enough 
for the top of the soil cover to be flush with the 
original grade. However, they are not suf- 
ficiently deep for the ratio of span to depth-of- 
burial to he large enough for any benefit to be 
derived from soil arching. For depths of cover 
up to about 10 feet in most soils, there is little 
attenuation of the air blast pressure applied to 
the top surface of a shallow-buried under- 
ground structure. Also, there is apparently no 
increase in pressure exerted on the structure 


due to ground shock reflection at the interface 
between the soil and the top of the structure. 

Soil-covered structures are those that have a 
mound of soil over the portion of the structure 
that is above normal ground level. The soil 
mound reduces the blast rejection factor and 
improves the aerodynamic shapj of the struc- 
ture. This result in a considerable reduction 
in the applied translational forces. An addi- 
tional benefit of the soil cover is the stiffening 
of the structure, or the additional inertia, that 
the soil provides by its buttressing action. 

The lateral pressures exerted on vertical 
faces of a buried structure have been found to 
be about 15 per cent of the pressures on the 
roof in dry, silty soil. This lateral pressure is 
likely to be somewhat higher in general, and 
may approach 100 per cent in a porous, mois- 
ture saturated soiL The pressures exerted on 
the bottom of a buried structure, in which the 
bottom slab is a structural unit integral with 
the walla may be aa low as 75 per cent of the 
roof pressure, but may range up to 100 per cent 
of that pressure. 

The damage that might be suffered by a 
shallow buried structure will depend on a num- 
ber of variables, including the structural char- 
acteristics, the nature of the soil, the depth of 
burial, and the downward pressure (he., the 
peak overpressure) of the air blast wave (Ref. 
15). 

3-13-2. Greead Shock 

An underground structure can be designed to 
be practically Immune to air blast, but such 
structures can be damaged or destroyed by 
cratering or by ground shock due to a near- 
surface, t rue-surf ace, or an underground burst. 

The mechanism of damage to underground 
structures from ground shock and cratering is 
dependent upon several more or leu unrelated 
variables, such as the size, shape, flexibility, 
orientation of the structure with respect to the 
exploeion, and the characteristics of the soil or 
rock. 

The criteria for damage caused by cratering 
and ground shock may be described in terms of 
three regions, namely: 

1. The crater itself. 

2. The region extending roughly out to the 
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linut of tho plaatic zone {roughly 2 Vi 
times the enter radius). 

3. The zone in which transient earth move- 
neat occurs without measurable perma- 
nent deformation. 

The shock parameter mainly responsible for 
damage has not been defined either theoreti- 
cally or empirically. However, there is consider- 
able evidence that the degrees of damage can 
be related, without serious error, to the crater 
radius. Some examples of this type of relation- 
ship are given in Table 3-3 {Ref. 16). 

For purposes of estimating earth shock dam- 
age from surface or subsurface bunts, under- 
ground structures are divided into various cate- 
goriss as follows: 

1. Relatively small, highly resistant targets 
in soil. This type, which includes rein- 
forced concrete fortifications, can prob- 
ably be damaged only by acceleration and 
displacement of the structure in its en- 
tirety. 

2. Moderate size, moderately resistant tar- 


gets. These targets are damaged by soil 
pressure as well aa acceleration and 
bodily displacement 

3. Long, relatively flexible targets. These 
Include buried pipes and tanks, which are 
likely to be damaged in regions where 
large soil strains exist 

4. Orientation sensitive targets. Targets 
such as gun emplacements may be suscep- 
tible to damage from small permanent 
displacements or tilting. 

6. Rock tunnels. Damage to such targets 
from an external explosion is caused by 
the tensile reflection of the shock wsve 
from the rock-air interface, except when 
the crater breaks through into the tunnel. 
Larger tunnels are more easily damaged 
than smaller ones. However, no correla- 
tion between damage and tunnel size or 
shape is known. 

6. Large underground installations. Such 
installations can usually be treated aa a 
series of smaller structures. 


TAIL! 3-3 1C). DAMAGE OUTKIIA FOR UNDERGROUND STRUCTURES IUI 


Stnatw* 

Dumb* » — HW«-» 

a— * 

Relatively mall, heavy, wall designed j 

[Severe 

ontpf. 

uadergroand targets ] 

flight 2R, 

Slight cracking, aevera nee of brittle axter- 
ml cocuMctloni* 

Relatively long, flexible target*, eueh aa | 

L SfrVOTEn *■■■» 1 ei ■ e iii ai * 

Deformation and rupture. 

batted pipeline*, tanka, ate. 

'Moderate— 2 R. 

Slight deformation end rupture. 


flight ZKto SR . — 

Failure of connection*. (U m higher value 
for radial orientation of count -tiona.) 
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Section IV (S)— Aircraft 


j 3-14. (U) INTRODUCTION 

Aircraft vulnerability concerns the many 
i factors which determine the ability of an air- 
! craft to withstand combat damage. In particu- 
lar, it indicates the means for improving the 
chances for survival of aircraft in battle and, 
by inference, indicates weapons which show the 
greatest promise of inflicting critical damage 
an an aircraft. Thus, aircraft vulnerability 
and weapon lethality are closely interrelated 
i subjects of comparable importance; they are 


the defensive and offensive aspects of the same 
phenomena. It is the expressed desire of the 
procuring agencies for manned military air- 
craft to incorporate the principle of minimum 
vulnerability in new design concepts, within the 
limitations of the overall design requirements. 

3-1 K. (ft) BASIC CONSIMRATIONS 
3-19.1. (6) faltiel Stadias of Aircraft 
Valaa r whlBty 

Prior to 1939, consideration of aircraft in 
terms of target vulnerability and weapon lethal- 
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ity received tittle coordinated study. The re- 
sults of this neglect soon became evident when 
battle experience was gained, but it was then 
found that any major design changes needed to 
reduce the vulnerability of aircraft were not 
easily introduced into the production line, and 
were consequently late appearing in service 
aircraft. Considerable losses were undoubtedly 
suffered due ‘o the late introduction of such 
changes. 

Shortly after World War II, a firing program 
(Ref. 20) was initiated at the Ballistic Re- 
search Laboratories (BRL), Aberdeen Proving 
Ground, Maryland, in order to determine the 
vulnerability of aircraft and their components 
to various aircraft weapons. This effort, based 
in part on work by the New Mexico Institute of 
Mining and Technology, under contract xo the 
Bureau of Ordnance, was supplemented by a 
progress report (Ref. 21) relating to the two 
complementary aspects of the so-called “Opti- 
mum Caliber Program." The objects of this 
program were: first, to determine the probabil- 
ity that a single round of existing ammunition 
striking an airplane would cause a certain level 
of damage ; and, second, to assess the overall 
effectiveness of complete armament Installa- 
tions, with the object of indicating the answer 
to the whole problem of what armament should 
be carried by aircraft to meet various tactical 
situations. The report of this work represents 
the beginning of a considerable amount of 
Utenturs available on the subject of aircraft 
vulnerability and, in particular, the subject of 
aircraft “terminal vulnerability." 

3-1 SA (C) Vulnerability Detiaitiras 

(U) The word “vulnerability," as it appears 
In the literature, has two common usages. 
Vulnerability in the overall or “attrition 
sense" is the susceptibility of an item to dam- 
age, which includes the considerations of avoid- 
ing being hit. Vulnerability in the restricted or 
“terminal sense,” la the susceptibility of an 
item to damage, assuming that it has been hit 
by one or several damaging agents. Therefore, 
the probability of obtaining a kill on an air- 
craft target is found equal to the probability 
of obtaining a hit times the probability that 


the hit results in a kill (Ref. 22). This 
chapter considers only the latter factor, or the 
terminal ballistic vulnerability of aircraft. 

(C) The chance of survival of an aircraft in 
bettle is influenced by many factors, including 
its flight performance and maneuverability, its 
defensive armament and offensive equipment, 
and the skill and morale of its crew. The term 
aircraft vulnerability, however, is restricted 
in meaning. It is commonly used to refer to the 
extent to which an aircraft is likely to suffer 
certain specified categories of damage, when 
the weapon used to attack It either strikes the 
aircraft or bursts in some desired zone around 
it. 

3-1 SJ. (Cl Vulnerability fecten 

The major factors which, influence the chance 
of survival of an aircraft are in moat instances 
the inherent safety (or invulnerability) of the 
airframe and components, which together make 
up the basic aircraft, and the efficiency of any 
protective devices with which it may be fitted. 
Evidence on these factors can usually be 
obtrined by experiment When this evidence 
is related to an attack of a specified nature and 
from a specified direction, it forms the usual 
basis of aircraft vulnerability assessments. 
The vulnerability of components such as the 
power plants can be assessed separately in a 
similar manner, and can be included in an over- 
all assessment Cars must be exercised is 
making the overall assessment, however, be- 
cause the individual damage effect may be 
quite different from the overall effects. For 
example, in the case of a single-seated aircraft, 
100 per cent probability of lethal injury to the 
pilot will give a similar probability for the loss 
of the system; whereas, damage which is 100 
per cent lethal to one engine of a four-engine 
aircraft may not be lethal to the entire aircraft 
These individual components an usually re- 
ferred to as singly and multiply vulnerable, 
which terms are discussed in Chu 8, Par. 8-22. 

It is useful at this point to define two terms 
which are used in the Collection and analysis 
of aircraft target vulnerability (Ch. 8, Par. 
8-22) . Presented Area: the area of the projec- 
tion of the configuration of a given component 
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upon a plane perpendicular to the line of flight 
of the attacking projectile or warhead. 
Vulnerable Area: the product of the presented 
area and the conditional probability of a kill 
for a random bit on the presented area. (It is 
assumed that all projectiles approach the 
presented area on parallel paths.) 

3-15.4. (Cl Use of the Empirical Approach 

A syp 'iesis of the vulnerability character- 
istics of aircraft targets is based mainly on 
empirical relationships for the vulnerability of 
the major aircraft components. A large part 
of these data are obtained from firings against 
aircraft conducted at the various proving 
grounds. Those include firings of selected 
weights of bare and cased charges about, in 
contact with, and within aircraft structures, 
filled fuel tanks, and both reciprocating and jet 
engines; also the firing against all major air- 
craft components by various projectiles. Dam- 
age caused in field firings against aircraft is 
by qualified military or civilian per- 
sonnel (sometimes in conjunction with the 
manufacturer), who prepare a detail descrip- 
tion of the damage in addition to numerical 
estimates for the various damage categories. 

This empirical approach is subject to strong 
economic and humane restrictions and limita- 
tions; as a result, the test aircraft is usually 
on the ground with no personnel aboard. (The 
effects of altitude and aerodynamic and 
inertial forces on the airframe are usually 
estimated.) Firing trials may be made against 
stressed structural members, against engines 
running under cruising conditions, or against 
canopies which are subject to realistic condi- 
tions of temperature and pressure. In-flight 
vulnerability investigations are naturally diffi- 
cult to sta?e, but are sometimes essential. An 
example is the investigation of the probability 
of causing ilres in the fuel systems, at altitudes 
which demand conditions uf sir temperature, 
air density, and high-speed air flow not easily 
reproduced simultaneously on the ground. An 
additional limitation on this empirical ap- 
proach is that the sample aims obtained are 
usually small, restrictions on the sample size 
being especially stringent for the more recent 
sirrraft 


The test aircraft may then be considered ss 
collections of components, rather than as 
entities in themselves. Since the “aircraft of 
the future” that are under study are composed 
of structures, fuel cells, or engines physically 
similar to corresponding components in the test 
aircraft, the information obtained can be ap- 
plied directly in some cases, with due correc- 
tion for changes in areas and physical arrange- 
ments. 

3-15.5. (C) Damage Categrriai 

In order to classify damage effects, several 
kill or damage categories are in common use, 
as follows: 

KK The aircraft disintegrates immedi- 
ately after being hit (in addition, 
denotes complete defeat of its at- 
tack). 

K The aircraft falls out of control im- 
mediately, without any reasonable 
doubt (usually specified as 1/2 min- 
ute. or less). 

A The aircraft falls out of control 
within 5 minutes. 

B The aircraft will fail to return to its 
base. This is commonly taken as be- 
ing 1 hour away for a jet, or 2 hours 
away for a piston-type engine air- 
craft. 

C The aircraft does not complete its 
mission after being hit 

£ The aircraft could complete its mis- 
sion after being hit but is damaged 
to the extent of not being able to 
go on the next scheduled mission 
(usually denotes a bad crash on land- 
ing). 

It is important to note that in order to assess 
B or C damage, it is necessary to define the mis- 
sion on which the aircraft is engaged. Fre- 
quently in the literature, the K and KK 
categories are grouped es sub-categories under 
the A -damage assessment In addition, refer- 
ence is sometimes made to an E-damage 
category, which is “detectable by radar facili- 
ties." For the most part, damage is usually 
aaaessed in the K. A, and C categories. 
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3-1 Li. (Cl Damage AimimmuI 

In teats on aircraft vulnerability, a basic 
method of determining the degree of damage is 
by assessment. After a test aircraft is dam- 
aged, assessors are asked to estimate the 
probability that the damage produced would 
incapacitate the aircraft to a specified degree 
(damage category) assuming a certain mission, 
crew reaction, etc. Thus, an assessment of 0, 0, 
0, 0 may be given for A, B, C, and G categories, 
respectively, meaning that the damage would 
not cause a crash within 2 hours, would not 
interfere with the mission, and would not cause 
a crash on landing. An assessment of 0, 100, 
0, 0 means that the assessors believe that the 
damage would cause a crash within 2 hours, 
although not within 5 minutes. For example, 
such an assessment may be made for damage 
causing oil loss to the engine of a tingle piston- 
engine aircraft To enable the assessors to 
express their uncertainty as to the outcome of 
damage, intermediate numbers between 0 and 
100 are used. Thus, a 20A assessment means 
that the assessor is inclined to believe that the 
damage would not result in a crash within 5 
minutes, although he is not sure of thii». 
Wherever possible, independent assessments of 
the same damage are obtained from two or more 
assessors. Detailed descriptions of the conduct 
of the field trials and of the assessment pro- 
cedure are provided in the many BF.L reports 
dealing with analyses of firing data. (A and B 
assessments, made for damage to the engine of 
a multi-engined aircraft, refer to the ability of 
that engine to deliver power, rather than to a 
crash.) 

A comment of iuterest on the assessment pro- 
cedures has been made by Arthur Stein, for- 
merly of BRL (Ref. 20). 

' "It will be noted that the numbers used to 
/ describe the various categories of damage are 
described as probabilities often written as per- 
centages. Strictly speaking, however, this is not 
correct, since the particular damage suffered by 
the aircraft will generally either cause a crash 
oi It will not in the stated interval of time, 
assuming a set of standard conditions under 
which the aircraft is operating. The numerical 
assessment, therefore, chiefly represents the un- 


certainty of the assessor as to whether the dam- 
age would result in a kill or not If the 
individual aasessment is 20A, for example, the 
assessment is in error by 20 per cent or 80 per 
cent, since the damage would actually have 
produced a kill or no kill within 5 minutes. If 
assessments are not biased, however, the ex- 
pected value of many such assessments on 
various parts of the plane would be the correct 
vdue and in the Tong run’ one would arrive at 
a correct value for the vulnerability of the 
plane. The parameters of the error distribution 
can be estimated if one has a large number of 
cases in which the same damage has been as- 
sessed independently by different assessors. 
Such information would also yield information 
as to the aasessibiiity of various aircraft com- 
ponents.” 

It must be strongly emphasized that assess- 
ment represents the basic measure of aircraft 
terminal vulnerability. 

3-15.7. (Cl Categories of Associated Data 

3-1L7.I. (C) Modes of Damage 

There are numerous modes of damage which 
can effect aircraft kills. Some of these are given 
in the following list: 

1. The detonation of the aircraft bomb load. 

2. The killing of a sufficient number of essen- 
tial crew members. 

3. The ignition of a lethal fire. 

4. The killing of a sufficient number of en- 
gines. 

5. Lethal damage to the airframe. 

6. Lethal damage to the armament system. 

3-15.7.2. (C) Typical Cdlemaya Factors 

The word lethal, as used in the above para- 
graph, implies that only a specified category of 
kill results, and does not imply any fixed degree 
of damage severity. It should also be noted that 
the determination of what constitutes a kill, in 
a given situation, can often require the use of 
simplifying assumptions for a feasible analysis 
procedure. For example, listed below are some 
of the factors to be considered in a typical C 
damage situation: 

1. Aircraft position along the flight profile 
at the rime damage occurs. 


2. The assigned mission of the particular 
aircraft 

8. The c re w (number, akill, individual 
apedaltiea, aid determination to complete 
the miaaion). 

4. Item(a) damaged. 

5. Alternate equipment available. 

6. Type and intensity of enemy action. 

3-11.7.3. (U) SIpeMceet AlrtnH Ceetpeneah 

In datennining aircraft vulnerability, the air- 
craft may be defined by the sum of the follow- 
ing components, which in turn include sub- 
componenta: 

1. Airframe. 

a. Structure (Fig. 3-2). 

b. Controls (flight). 

2. Fuel system. 

3. Power plant 

4. Personnel (only crew neee ary for mis- 
sion). 

5. Armament system. 

a. Guns. 

b. Bombs. 

c. Fin control. 

d. Bomb sight, 
a. Radar. 

3. Miscellaneous (tires, flaps, etc.). 

3-11.7 A. (C) OeaMftag Ayeet* 

The many different types of damaging agents 
in use against aircraft can be placed under 
three basic categories of armament: 


1. External blast weapons. 

a. Conventional rounds. 

b. Nuclear rounds (Including thermal 
and nuclear radiation). 

2. Direct contact weapons. 

a. Bullets: armor-piercing (AP) and 
armor-piercing incendiaries (API), 
h. Shells: high explosives (HE) and high- 
explosive incendiaries (HEI). 

c. Fragments: shaped charges, rods, etc. 

3. Fragmentation/ blast weapons (controlled 
fragmentation bunt combined with a high 
explosive charge) . 

3-1S.7J. (CJ Relative VulawwUUty of 

Ceaipeaeats 

Although no such listing can be correct in ail 
cases. Table 3-4 affords a general idea of the 
terminal vulnerability of the various com- 
ponents to the several (non-nuclear) damaging 
agents (Refs. 23 and 24). 

3-1*. (S) AIRCRAFT BY TYPE ANC LOCATION 
3-14.1. (U) General 

The vulnerability of an aircraft target as an 
entity (in contrast to the teat aircraft which 
ware considered as collections of components) 
depends upon the location and type of aircraft 
target Normally the aircraft is in flight but 
whan parked it may become a ground target 
Aircraft may be further defined by two general 
types, combat and non-combat, with various 


TAMA 3-4 1C). RILAHVI VULNERABILITY OF AIRCRAFT COMPONENTS |U> 
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or with small (2- to S-iuch) unguided rockets; 
the attack! being almost wholly from the rear 
or off by small angles. The projectiles have 
usually been impact-fused explosive or ex- 
plosive/incondiary types. 

(S) An aircraft is likely to suffer severe 
structural damage if hit by a small rocket; and 
with either cannon or rocket there wiil be a 
high probability of damage to fuel systems and 
power plant, with a corresponding chance of 
delayed kill. 

(S) With the 2- to 3-inch rocket, the struc- 
tural and mechanical damage (internal blast) 
from a hit is likely to be so great that the pos- 
sible additional effects due to fire need scarcely 
be considered. Incendiary effects from the 
small, gun-fired shell could be very severe, and 
would depend largely on the type of fuel system 
used. 

(S) Both surface-to-air and air-to-air guided 
missiles are now available in addition to the 
conventional fighter weapons just mentioned. If 
the guided missile warheads are of the large, 
blast type, structural damage can result. For 
the fragmenting type warheads, there will be a 
huge increase in the vulnerability of the pilots 
of the bomber, a high probability of leakage 
from fuel tanks, damage of radar equipment, 
and poaeibly a high Are risk, due to the high- 
velocity fragmentation given by the warhead. 

(S) The main combat hazards to the fighter 
have been the attack from ahead by bomber 
return fire, and the attack from the rear by 
enemy fighters. Missiles in either com have 
been explosive shells from aircraft cannon, or 
small rockets. Hits against high performance 
jet fighters are likely to cause severe structural 
damage, engine failure, or pilot injury. Even 
superficial damage at the time of hit can mult 
in a lethal situation, subsequently, due to a 
high-g maneuver such as LABS (Low Altitude 
Bombing System). Owing to the rapid changes 
in altitude by the fighter during combat, there 
may be difficulty in maintaining an inert at- 
mosphere (purging) above the fuel in the 
tanks, and unleu new methods are employed 
there will be a risk of fuel tank explosion and 
fire. The introduction of guided missile war- 
heads with blast and fragmentation effects now 
produce the possibility of structural damage to 


the fighter by external blast, in addition to in- 
creasing pilot vulnerability and ths risk of fire 
due to high velocity fragments. 

(S) The main risk to attack aircraft has 
bean from ground or ship weapons (mainly 
conventional, guns and rockets) firing impact 
fuzed explosive projectiles of up to about 3 
inches, and from small arms fire with either 
armor-piercing or incendiary bullets. The dam- 
age effects will be generally similar to those de- 
scribed for the Aghter aircraft, but the em- 
phasis will be mainly on attacks from the front 
hemisphere. Wartime evidence has indicated 
the Importance, to aircraft engaged *n ground- 
attack missions, of self-sealing protection for 
fuel tanks and armor protection for pilots and 
items such as oil coo'ers. The value of such 
equipment is, however, a subject of great de- 
bate. Small surface-to-air missile weapons pre- 
sently in development wiil create an additional 
threat to attack aircraft at low altitudes. 

(C) It is pouible during the time of war to 
obtain a fair indication of the vulnerability 
characteristics of military aircraft, and the fre- 
quency and effects of different types of combat 
damage, by making detailed investigations of 
air casualties in action. From this evidence, it 
la possible to determine the main causes of 
enemy and friendly losses in air warfare, and 
the relative vulnerability of the various parts 
of each aircraft. 

(S) Evidence of the causes of aircraft losses 
in World War II was gathered by the British 
Operational Research Sections attached to the 
Royal Air Force and the United States Army 
Air Force (Ref. 23) . For example, it was found 
that the Bomber Command's losses in night 
operations during the latter part of the war 
were caused approximately as follows: 

1. 75 per cent by fighter attack. 

2. 20 per cent by antiaircraft gunfire. 

3. 5 per cent by accidents, including naviga- 
tional errors, collisions, fuel shortage, en- 
gine failure, etc. 

Of these bomber losses due to enemy action, by 
far the greatest number either resulted from 
fire or suffered fire as s secondary effect 

(S) From the beat evidence available, it is 
estimated that the significantly vulnerable 
parts of the bomber are: 
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1. Engines (piston type) — by mechanical 
damage and Are. 

2. Fuel systems— by fire, internal explosion, 
or loss of fuel 

3. Flight control systems and surfaces— by 
mechanical damage from multiple hits 
causing break-up and loss of control. 

4. Hydraulic and electrical services— mainly 
by fire. 

5. Bomba and pyrotechnic stores— by ex- 
plosion or fire. 

6. Pilots — by incapacitation (an infrequent 
cause of loss), 

(S) For the single-engined fighter types, the 
order of vulnerability due specifically to light 
anti-aircraft fire from the ground was esti- 
mated to be: 

1. Engine— by mechanical damage and fire. 

2. Pilot — by injury or death. 

3. Fuel system — by loss of fuel or fire. 
Although fire is not stated as the major risl 
because the damage would generally cause loa. 
whether combined with fire or not, a substan- 
tial proportion of the losses was undoubtedly 
accompanied by fire. In air-to-air engagements, 
the eingle-engined fighter was believed to be 
most frequently destroyed by the cumulative 
effects of multiple hits on the structure and 
main flight control surfaces. 

(S) Information from air operations in the 
Korean war has been smalt as regards evidence 
on causes of losses in combat. This appears to 
be due to the small percentage of actual losses 
caused by enemy action, and to the over- 
whelming emphasis on ground-attack sorties 
by the air forces of the United Nations. How- 
ever, there is some evidence, obtained by the 
United States Air Force, from which the fol- 
lowing facta appear to emerge. Based on com- 
bat hour* of duty, and for the same type of 
ground-attack mission, the single-engined jet 
aircraft receives only about 60 per cent as 
many hits from anti-aircraft projectiles (bul- 
lets or small shells) as the single-engined pis- 
ton aircraft This difference in the number of 
hits appear* to be related to the different 
tactic* employed during the dive and pullout 
For example, the jet aircraft attacks at a much 
higher speed and thus spends far less time 


than the piston aircraft at altitudes subjected 
to accurate gunfire. When hit the piston air- 
craft is 60 per cent more likely to be lost than 
the jet aircraft A large proportion of the vul- 
nerability of the piston aircraft can be at- 
tributed to the vulnerability of its engine oil 
coolers. These observations relate only to the 
particular conditions and particular types of 
attacking projectiles (now possibly outdated) 
which were encountered by tbe United Nations’ 
forces in Korea. 

(S) The actual vulnerability of any poten- 
tially vulnerable part of an aircraft depends to 
a great extent on its area of presentation. For 
example, a medium-range, four-engined bomber 
with gross weight of about 120,000 pounds 
may have an average presented area of 1,509 
square feet The average anas of some of the 
potentially vulnerable components might be 
approximately as follows: 

1. Structure (including fuel tanks)— 1,200 
square feet (80%). 

2. Fuel with tanks at % capacity — 340 
square feet (23%). 

3. Pressure Cabin— 130 square feet (9%). 

4. Power plants— 90 square feet (6%). 

6. Pilot— 7 square feat (%%). 

It will be seen that the structure is by far the 
largest of the potentislly vulnerable items, 
while the fuel tanks, pressure cabin, and power 
plants also present relatively large areas. For 
the long range bomber of the near future, the 
fuel may have a considerably larger presented 
area than the value just quoted. 

(C) Aircraft in flight are relatively vulner- 
able to the blast and thermal effects of nuclear 
detonations. Since aircraft are designed within 
narrow limits for flight and landing loads, the 
structure can withstand only small additional 
loads imposed by weapon effects. Blast over- 
pressure, on striking an aircraft su rf a ce , may 
cause dishing of panels and buckling of 
stiffeners and stringer*- On ths side struck 
by the blast wave the pressure is increased, 
above the incident intensity, by reflection, and 
a diffractive force of abort duration is gen- 
erated. As the wings, empennage, and fuselage 
arc completely enveloped by the biect, further 
dishing and buckling of skins and structure 
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may result from the crushing effect of the dif- 
ferential pressure between the outside and in- 
side of the aircraft components. Additional 
damaging loads are also developed by the par- 
tide velocity accompanying the blast wave. The 
particle velodty results in drag loading in the 
direction of the wave propagation (usually 
termed "gust loading" with reference to air- 
craft). The duration of the gust loading is 
many times that of the extractive loading, and 
it develops bending, shear, and torsion stresses 
in the airfoil and fuselage structures. These 
ere usually the major stresses on an aircruft in 
flight. 

(C) The weapon thermal energy which is 
absorbed by aircraft components can alio pro- 
duce dameging effects. Very thin skins are 
rapidly heated to dameging temperatures by 
exposure to the short-period thermal flux, be- 
cause the energy is abso r bed by the skin so 
much more rapidly than it can be dissipated by 
conduction and convective cooling. Exposed 
fabric, rubber, and similar materials with low 
ignition and charring temperatures, are vulner- 
able items which may also initiate extensive 
Are damage at even very low levels of radiant 
exposure. In recent yean, designers of military 
aircraft have reduced aircraft vulnerability to 
thermal effects by coating thin-skinned ma- 
terials with low absorptivity painte, by elimi- 
nating igni table materials from exposed sur- 
faces, and by substitution of thicker skins for 
very thin skins. With these protective meas- 
ures and design modifications, aircraft can be 
safely exposed at radiant exposure levels sev- 
eral times those which formerly caused serious 
damage. 

&-1AZ2 (U) Wss-ewefcot ilrcrett 

Non-combat aircraft include the following 
typ«: cargo, transport, utility, and observation 
and reconnaissance. The Utter two types are 
often converted combat aircraft. These aircraft 
are characterized by their function, size, and 
speed, and by the type of their construction, 
which is s conventional, Worid-War-II type of 
design. This is a semi-monocoque fuselage and 
full cantilever wings with a stressed aluminum 
aids. The collection of terminal ballistic vul- 
nerability data for this type of aircraft has 


received little specialized attention in the past 
However, because most of the testing on combat 
aircraft has been with targets reflecting thU 
type of construction, there is in fact consider- 
able information available for those who may 
be interested. 

3>HX3- (C) itotery Why «d Other Aircraft 

(U) It is necessary to distinguish rotary- 
wing (helicopter) aircraft from conventional 
fixed-wing aircraft, and also the new STOL and 
VTOL vehicles. The vulnerability of rotary- 
wing aircraft is similar in many respects to the 
fixed-wing aircraft, but the following items may 
not be similar and require individual attention: 

1. Relative location of fuel, and personnel. 

2. Complex control system. 

3. Rotor drive system end gear boxes. 

4. Main and tail rotor blades. 

5. Unconventional airframe (slender tail 
cone, etc.}. 

(C) Firing tests have been conducted at the 
Wright Air Development Center (WADC) 
against rotor blades, using caliber .30 and cali- 
ber 0 projectiles. The blades were fired on so 
es to obtain damage to the structural or spar 
portion of the blade and then whirl-tested to 
determine the effects of damage. The damage 
caused by theee projectiles was found not to be 
serious. This agree* with Korean combat re- 
sults, which show that small caliber holes in 
portionr of the blades are not serious. How- 
ever, e perforation by a larger projectile, such 
as a 37 -mm AP or HE projectile, could cause 
the loss of a blade, which would be moat serious. 

(C) The problem of the vulnerability of low 
flying aircraft In the forward area has recently 
been given higher priority by the Army, due to 
new tactic* and organizations developed by the 
Army, new reconnaissance drones and aircraft 
being developed by the Signal Corps, and new 
STOL and VTOL vehicles being studied for sir 
transport by the Transportation Corps. Because 
of the missile threat at medium and high alti- 
tudes, moat Army sir tactics envision low flying 
aircraft In the region below 600 feet, light 
arms (40mm AA, and smaller caliber) will be 
a threat to these aircraft in forward areas. In 
the near future, small surface to-air weapons 
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saw in development may be included. Vulner- 
ability testing for these special-purpose aircraft 
has been initiated. 

3-1A3. (C) Parted Aircraft 

(U) Considerable interest has been shown in 
the vulnerability of parked aircraft in the 
vicinity of a nuclear air blast. Nuclear weapon 
tests have included parked aircraft placed at 
various locations and orientations with respect 
to the bunt point 

(C) The diffraction phase loading and the 
drag phase loading have varying relative im- 
portance in producing damage to parked air- 
craft In general, the diffraction phase is of 
primary importance in the zones of light and 
moderate damage. In the zone of severe dam- 
age, the drag phase assumes more importance. 
Orientation of the aircraft with respect to the 
point of bunt affects vulnerability considerably. 
With the nose of the aircraft directed toward 
the bunt, higher weapon-effects inputs can be 
absorbed without damage than for any other 
orientation. The longer duration of the positive 
phase of the blast from a large yield weapon 
may result in some increase in damage over that 
expected from small yields at the same over- 
pressure lev-L This increase is likely to be 
significant at input levels producing severe 
damage, but is not likely to be important at the 


levels of moderate and light damage. Experi- 
ments have shown that revetments provide only 
slight shielding against blast overpressure, and 
under some conditions reflected pressures 
within the revetment are higher than cor- 
responding incident pressures. Revetments do 
provide significant shielding from damage due 
to flying debris born by the blast wave. 

(C) Aircraft properly prepared with reflec- 
tive paint, and with all vulnerable materials 
shielded from direct thermal radiation, will not 
be damaged by thermal inputs at distances 
where damage from blast inputs is not severe. 
Aircraft not so prepared may sustain serious 
damage at very low thermal levels, as a result of 
ignition of items such as fabric-covered control 
surfaces, rubber and fabric seals, cushions, and 
headrest covers. Aircraft painted with dark 
paint are especially vulnerable to thermal radia- 
tion damage, because the dark painted surfaces 
absorb three-to-four times the thermal energy 
that is absorbed by polished aluminum surfaces 
or surfaces protected with reflective paint. 
Temporary emergency shielding such as that 
provided by trees, buildings, embankments, or 
similar barriers may be useful for thermal 
protection of unprepared aircraft, but any of 
these may increase the blast damage by adding 
to the flying debris or by multiple reflection of 
incident overpressures. 
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Chapter 4 (S) 

COLLECTION AND ANALYSIS OF DATA 
CONCERNING KILL MECHANISMS 


Section I (Sc -Hast 


4-1. (U) INTRODUCTION 
4-1.1, Seep* of tfc* Section 

This section coven the collection and analy- 
sis of data involving blast waves as a kill 
mechanism. Separate paragraphs discuss both 
quantitatively and qualitatively the various 
parameters associated with air, surface, and 
subsurface blasts from conventional high ex* 
plosives (chemical explosives) and nuclear ex- 
plosions. In additional paragraphs are dis- 
cussed the effects of mechanical factors on 
blast, and methods of blast instrumentaticn. 
In general, the bulk of the material will apply 
to blast waves produced by either conventional 
or nuclear explosions. In certain areas, how- 
ever, the discussion will emphasize the particu- 
lar features of the blast wave produced by 
nuclear explosions. 

4-U i lw i p irfsM si C Ww i R eml end Nuclear 
lipietleei 

The primary differences between the con- 
ventional (HE) explosion and a nuclear explo- 
sion (setting aside from the present subject the 
radiation effects) is that the energy from 
nuclear explosions is developed in a much 
smaller space, and the temperatures developed 
are approximately 10,000 time* higher. As a 
result, there ia an almost Instantaneous release 
of energy in the nuclear e x p losi o n. Conse- 
quently, the nuclear explosion may be con- 
sidered more nearly a point source of energy, 
permitting simplified analytical solutions to the 
equations of motion. 

Other differences between conventional and 
unclear explosions concern blast pressures and 
energy yield. The pressure at small distances 


from ground sera is higher for nuclear than for 
conventional explosions; but at large distances 
the reverse Is true. The much greater energy 
yield of a nuclear explosion makes a qualitative 
difference in the effects. For instance, the 
duration of the blast produced by an atomic 
bomb is longer than the characteristic vibration 
periods of most structures which can be 
destroyed. Therefore, the criterion for estimst- 
ing the damage to structures by nuclear bombs 
is usually the peak overpressure or the peak 
drag pressure, rather than the impulse, which 
is the commonly used criterion for HE bombs. 

4-U. Cress Reference Isfsn— Mss 

The general discussion of the mechanisms 
of blast and ground shock in Ch. 2, Secs. IV 
and V, respectively, should be read for intro- 
ductory purposes. In Ch. S, each of the various 
sections includes information on the vulnerabil- 
ity of specific types of targets to blast 
phenomena. Reference should be made to 
each of the chapters of Part Two for informa- 
tion on the collectum and analysis of blast data 
as applied to specific types of targets. 

4-2. (SI AIR RURST 
4-2.1. (U1 l eft s dec tto i. 

Host of the damage resulting from a high 
explosive or nuclear explosion air bunt is due, 
either directly or indirectly, to the bleat wave 
(shock wave) which acco mp a ni e s the explosion 
Most structures win suffer some degree of 
damage when subjected to pressures in swots 
of the standard atmospheric p-cssure (over- 
pressure). The distance from the point of 
detonation to which damaging overprasr-ras 


unclassified 


will extend is dependent on the energy yield of 
the weapon and the height of burst In con- 
sidering the destructive effect of a blast wave, 
it Is important to study, in some detail, the 
various phenomena associated with the passage 
of the wave through the atmosphere. 

1 (U) Description «i the Hast Wave 
4-2JL1. Overpressure 

The expansion of the intensely hot gases at 
high pressure causes a blast wave to form and 
move outward at high velocity. The pressures 
In this wave are highest at the moving front 
and fall off towr**' the interior region of the 
exploaion. In t k very early stages of the blast 
wave movement, the pressure vi n with 
distance from the point of detonation is some- 
what as illustrated in Fig. 4-1. 

As the blast wave travels in the air away 
from Its source, tho overpressure at the front 
steadily decreases, and the pressure be .id the 
front falls off in s regular manner. After a 
short time, the pressure behind the front drops 
below the surrounding atmospheric pressure 
and the negative phase of the blast wave is 
formed. The variation of overpressure is shown 
in Fig. 4-2 for six successive instants of time, 
indicated by the numbers t„ t„ t„ etc. 

During the negative overpressure (rarefac- 
tion, or suction) phase, a partial vacuum is 
produced and the air is sucked in instead of 
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Figure 4-1. Overpreswr* vi Distance, 
Early Stages of Start Wove 
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Figure 4-2. Variation of Overpressure With Time 

being pushed away. This means that during 
the positive (compression) phase, the winds 
flow away from the exploaion ; but in the nega- 
tive phase, the direction is reversed and the 
winds flow toward the explosion. However, the 
peak values of the negative overpressure are 
usually small compared to the overpressures 
generated during the positive phase. At the 
end of the negative phase, the pressure has 
essentially returned to ambient conditions 
(Ref. 1). 

Fig. 4-3 illustrates how overpressure varies 
with time at a given point The corresponding 
general effects to be expected on a light struc- 
ture, a tree, and a small animal are indicated. 
For a short interval after detonation there is no 
increase in pressure because the blast front 
(shock front) has not yet reached the target. 
When the shock front arrives, the pressure 
suddenly increases to a targe maximum (the 
peak overpressure), and a strong wind com- 
mences to blow away from the explosion. The 
velocity of the wind decreases rapidly with 
time; therefore, it is generally referred to as 
a transient wind. Following the arrival of the 
shock front, the pressure falls rapidly, and 
shortly returns to the ambitnt condition. At 
this point, although the overpressure is zero, 
the wind still continues in the same direction 
for a short time. The interval from the arrival 
of the shock front to the return to ambient 
pressure is roughly one-half second to one 
second for a 20-kilo ton (KT) explosion, and 
two to four seconds for a 1-megaton (UT) ex- 
plosion. It is during this period that moat of 
the destructive action of the air bunt is ex- 
perienced. 
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A* tha pressure of the blast wave continues 
to decrease, it drops below ambient pressure, 
and tha suction phase begins. This phase may 
last for several seconds, and for most of that 
time the transient winds blow inward toward 
the explosion. The damage during this phase 
is generally minor in nature because tlw peak 
negative overpressure is small in comparison 
with the maximum positive overpressure. 

In striking opposing surfaces or structures, 
a process known as diffraction occurs, wherein 
overpressure is considered to be resolved into 
faction (reflected) and aidv-on overpressures. 
A general discussion of these forces, and of the 
corresponding translational force, known as dif- 
fraction loading, is given in Ch. 2, See. IV. 


4- 44 . 7 Djaamte frets are 

Although tha destructive effects of the blast 
wave are often related to values of the peak 
overpressure, the dynamic pressure may be of 
equal importance. As a function of the wind 
(particle) velocity and of the density of the 
air behind the shock front, dynamic pressure 
is expressed by the equation 

where q represents tha dynamic pressure, f the 
air density, and u the wind velocity. For very 
strong shocks, the peak dynamic pressure is 
larger than the overpressure, but below 69 pei 
overpressure at sea level, the dynamic pressure 
is smaller. The peak dynamic pressure, like 
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the peak overpressure, decreases with distance 
from ground zero, although at a different rate. 

For a great variety of building types, the 
degree of blast damage depends largely on the 
drag force associated with *he strong transient 
winds accompanying the passage of the blast 
wave. The drag force is influenced by certain 
characteristics of the structure, such as the 
shape and size, but is generally dependent upon 
the peak value of the dynamic pressure and its 
duration at a given location. (Ch. 2, Sec. IV) . 

At a given location, the dynamic pressure 
varies with time in a manner similar to the 
changea of overpressure, but the rate of de- 
crease behind the shock front is different. Both 
overpressure and dynamic pressure increase 
sharply when the shock front reaches the given 
location, then they decrease. Fig. 4-4 indicates 
qualitatively how the two pressures vary in the 
course of the first seconds following the arrival 
of the shock front The curves indicate that 
the overpressure and the dynamic pressure re- 
turn to ambient (0) conditions at the same 
time. Actually, due to the inertia of the air, 
the wind velocity (and, therefore, the dynamic 
pressure) will drop to zero at a somewhat later 
time, but the difference is usually not signifi- 
cant for purpose! of estimating damage. Table 
4-1 gives some indication of the corresponding 
values of peak overpressures, and peak dynamic 
pressures, as related to the maximum blast 
wind velocities in air at sea level. 



figure 4-4. Competitor! of Variation! of 
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TABU 4-1. OVERPRESSURE AND DYNAMIC 
PRESSURE RELATED TO BLAST WIND 
VELOCITY IN AIR AT SEA LEVEL 


Peak Over- 
Pressure 

<P*i) 

Peak Dynamic 
Pressure 
(psi) 

Maximum 
Wind Velocity 
(mph) 

72 

SO 

1,170 

50 

40 

940 

SO 

16 

670 

20 

8 

470 

10 

2 

290 

5 

0.7 

160 

2 

0.1 

70 


4-7J.3. Arrive) Time 

As previously stated, there is a finite time 
interval required for the blast wave to move 
out from the explosion center to any particular 
location. This time interval is dependent upon 
the yield of the explosion and the distance in- 
volved. Initially, the velocity of the shock front 
is quite high, many times the speed of sound, 
but as the blast wave moves outward its veloc- 
ity decreases as the shock front weakens. 
Final)}, at long ranges, the blast wave becomes 
essentially a sound wave and ita velocity ap- 
proaches ambient sound velocity. 

4-7, 74. Pare lies 

The duration of the blast wave at a particu- 
lar location also depends upon the energy of the 
explosion and the distance from .ground zero. 
The duration at the positive overpressure phase 
is shortest at close ranges, increasing as the 
blast wave progresses outward. Because the 
transient wind velocity behind the shock front 
decays to zero, and then reverses itself at a 
time somewhat after the end of the poeitive 
overpresaure phase, the dynamic pressures may 
endure longer than the overpressure. However, 
these elements of the dynamic pressures are so 
low they are not significant Therefore, the 
effective duration of the dynamic pressures 
may be considered as being essentially the same 
as the positive phase of the overpressure. 

4- 7 . 2 , t. Overpressure usd Dye— l ie Press* re 
ImpMltt 

Damage to targets is frequently dependent 
on duration of the loading as well as the peak 
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pressure. Parameters related to the duration 
are the impulses represented in Fig. 4-4, where 
the overpressure positive phase impulse is the 
area under the positive portion of the over- 
pressure time curve, and the dynamic pressure 
impulse is the area under the positive portion 
of the dynamic pressure time curve. 

The overpressure positive phase impulse is 
represented by the equation 

t,= l±P(Vdt (4-2) 

t-« 

in which: t-0 is the time of arrival of the 
shock front; f=t* is the end of the positive 
phase; and ±P(t) is the overpressure as a func- 
tion of *ime. 

The positive phase pressure-time curve show- 
ing the deuay of overpressure at a fixed poir‘ 
in space will vary, depending on the peak over- 
pressure and duration for a given yield at that 
point. Where overpressures are less than 25 
psi, the variation of overpressure with time 
may be expressed by the folk wing semi-empiri- 
cal relation : 

1 )« (4-3) 

<♦ 

where: AP(t) is the overpressure at any time 
t; aP is the peak overpressure ; and t‘ is the 
positive phase duration. 

In a similar manner, the dynamic pressure 
impulse is represented by the area under the 
dynamic pressure-time curve, and may be rep- 
resented by the integral 


f 

Iq- 


where: I, is the dynamic pressure impulse; 
q(t) the dynamic pressure as a function of 
time; and *,♦ the duration of the dynamic pres- 
sure positive phase. As with overpressure, the 
rate of decay varies with peak pressure and 
duration. Where dynamic pressures are less 
than 12 psi, the variation of dynamic pressure 
with time may be represented by the approxi- 
mate equation 

(4-5) 


where: q(t) is the dynamic pressure at time t; 
q is the peak dynamic pressure at the shock 
front; and f is the overpressure positive phase 
duration (Ref. 21). 

4-12.6. Irftdfei 

When the incident blast wave from an ex- 
plosion in air strikes a more dense medium such 
as the earth’s surface, either land or water, it is 
reflected. The formation of the reflected shock 
wave in these circumstances is represented in 
Fig. 4-5 (A). This figure shows several stages 
in the outward motion of the spherical blast 
originating from an air burst bomb. In the first 
stage (t.) . the shock front has not reached the 
ground; the second stage (t,) is somewhat later 
in time; ar.d in the third stage (t,) , which is 
still later, a reflected wave, indicated by the 
dotted line, has been produced. 

When such reflection occurs, an individual or 
object precisely at the surface will experience 
a single shock, because the reflected wave is 
formed inatantaneoualy. Consequently, the value 
of the overpressure thus experienced at the sur- 
face is generally considered to be entirely a re- 
i cted pressure. In the region near ground 
zero, this total reflected overpressure will be 
more than twice the value of the peak over- 
pressure of the incident blast wave. The exact 
value of the reflected prsasure will depend on 
the strength of the incident wave and the angle 
at which it strikes the surface. The variation in 
overpressure with time, aa observed at a point 
actually on the surface not too far from ground 
zero, such as point A in Fig. 4-5 (A), will be as 
depicted in Fig. 4-5 (B). The point A may be 
considered as lying within the region of regular 
reflection; i.e., when the incident (1) and re- 
flected (R) waves do not merge above the sur- 
face. 

At any location somewhat above the surface, 
but still within the region of regular reflection, 
two separate shocks will be felt. The flrat shock 
is due to the incident blast wave, and the sec- 
ond, which arrives s short time later, to the re- 
flected wave. Fig. 4-5 (C) depicts the variation 
of overpressure experienced at a location above 
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the turf ace. In determining the effects of air 
blast on structures in the regular reflection re- 
gion, allowance mutt be made for the magni- 
tude and alto the directions of motion of both 
the incident and reflected waves. After passage 
of the reflected wave, the transient winds near 
the surface becomes essentially horizontal. 

In the early stages of propagation, when the 
shock front is not far from ground zero, it is 
reasonable to assume that both the incident 
and reflected waves travel with velocities that 
are approximately equal. The reflected wave, 
however, always travels through air that has 
been heated and compressed by the passage of 
the incident wave. As s result, the reflected 
shock wave moves faster than the incident 
wave and eventually overtakes it. The two 
waves then fuse to produce a single shock 
wave. This process of wave interaction ia re- 
ferred to as Mach or irregular reflection, and 
the region in which the two waves have merged 
is called the Mach region. The fusion of the 
incident and reflected blast waves is indicated 
schematically in Fig. 4-6, which illustrates a 
portion of the blast wave profile close to the 
surface. Fig. 4-6(A) represents a point close 
to ground zero. In Fig. 4-6(B), a later stage, 
farther from ground zero, the steeper front of 
the reflected wave shows that it is traveling 
faster than the incident wave. At the stage 
illustrated uy Fig. 4-6 (Cl, the reflected shock 
near the ground has overtaken and fused with 
the incident shock to form a single shock front, 
called the Msch stem. The point at which the 
incident shock, reflected shock, and Mach 
fronts meet is referred to as the triple point 


As the reflected wave continues to overtake 
the incident wave, the triple point rises and 
the height of the Mach stem increases as 
shown in Fig. 4-5(A). Any object located 
either at or above the ground within the Mach 
region, will ex peri t. ice a single shock whose 
behavior will follow that of shock fronts in 
general (the overpressure at a particular loca- 
tion will decrease with time, and the positive 
phase will be followed by a suction phase). At 
points in the air above the triple point a sepa- 
rate shock will be felt from the incident (I) 
and reflected (R) waves, also as shown in Fig. 
4-6(A) . 

Two aspects of the reflection process are im- 
portant with regard to the destructive action 
of the air blast. First, only a single shock is 
experienced in the region below the triple point 
(in the Mach region). Second, since the Mach 
stem ia nearly vertical, the accompanying blast 
wave is traveling in a horizontal direction at 
the surface, and the transient winds are nearly 
parallel to the ground. In the Mach region, 
therefore, the blast forces are app'ied ia a 
nearly horizontal fashion against above-ground 
structures and other objects, eo that vertical 
surfaces are loaded more intensely than hori- 
zontal surfaces. 

The distance from ground zero at which 
Mach fusion commences is dependent upon the 
yield of the weapon and the height of burst 
above the ground. This distance decreases with 
a decreasing height of burst Conversely, if the 
air buret occurs at a sufficiently high altitude, 
only regular reflection takes place and no Mach 
stem will be formed (Ref. 1). 
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Ths problem of reflection it treated more 
fully In the publications numbered 13 through 
17 Utted In the Bibliography for this chapter. 

4-24. (U) CawpeMlM ef Heat Wave 
Nreewferi 

4-24.1. General 

The following paragraphs summarize tome 
pertinent aspects of blast wave theory and cal- 
culation. Much of the analysis which has been 
developed in the literature is applicable to 
either nuclear or high explosive blast. As 
previously indicated, however, there are certain 
physical differences which affect the validity 
ol the solutions. 

Compared with an ordinary high explosive 
blast, the energy density of a nuclear explosion 
is much greater and the corresponding tem- 
peratures developed are much higher, by a fac- 
tor dose to 10'. An HE explosion generates 
temperatures near 5,000 C degrees ; a nuclear 
explosion results in initial temperatures near 
60 million degrees C. The tremendous differ- 
ence in energy density has several consequences 
pertinent to the calculitional aspects of the 
problem as well as the physical aspects. 

The nuclear explosion can be considered more 
nearly a point source of energy, and solutions 
for the resulting blast wave ere based on this 
concept In an HE explosion the assumption of 
a finite else energy source is more appropriate, 
because it takes comparatively longer for the 
energy to be transferred to the surrounding 
air. Accordingly, immediately following the HE 
blast the shock wave pressure is actually less 
than that predicted from a point source solu- 
tion. For this reason, much of the more recent 
literature has been directed toward finite source 
solutions. 

4-244. Male Hydrodyeoalc fqMfiea* 

Before discussing some of the various ap- 
proaches to the problems of blast wave com- 
putations, the basic hydrodynamic equations 
will be summarized for reference. This discus- 
sion is not concerned with equation derivation 
as such. Only sufficient analysis is given to pro- 
vide a suitable background. The basic equations 
of hydrodynamics are equally valid for either 
a gas or liquid. The associated equations of 

4-8 «Mf 


state are, howuver, different in each case. The 
following discussion is baaed largely on Refs. 
2 through 5. 

The general problem of fluid flow is to de- 
scribe what is happening to each region of the 
fluid as a result of certain outside influences. 
Frequently, the most significant parameters 
are the fluid velocity and the fluid pressure, 
described as functions of position and time. 
Fluid descriptions in hydrodynamics are based 
on the concept of a continuum. Roughly speak- 
ing, this corresponds to imagining an arbi- 
trarily large number of particles distributed 
throughout the space of interest, such that 
each fluid property varies in a continuous man- 
ner from particle to particle. In order to ade- 
quately describe physical phenomena, however, 
it will be necessary to permit certain points, 
lines, or surfaces to exist upon which the fluid 
properties behave in n discontinuous manner. 

The great difficulty of the subject it that, in 
terms of rigid body mechanics, a system of an 
infinite number of degrees of freedom has to 
be dealt with. Stated differently, because con- 
tinuous variation in properties of the fluid Is 
postulated, each property will be a function of 
both position and time. Correspondingly, the 
basic equations of hydrodynamics are partial, 
rather than ordinary, differential equations. 

To make more explicit the above statements, 
a brief discussion of the two methods for de- 
scribing fluid motion will be given. The first 
method, called the Lagrangian description, con- 
siders what happens to each individual fluid 
particle in the course of time. The other 
method, called the Eulerian description, con- 
siders what is happening at each point in space 
as a function of time. In the latter method, for 
example, the pressure at a point means the 
pressure associated with the particle thi.t hap- 
pens to be passing through that point at that 
instant No attempt is made to follow the in- 
dividual particle. 

Consider first the Lagrangian description. 
Since the motion of each individual particle is 
to be followed, it will be necesaary to identify 
each particle. This may be done by setting up a 
coordinate system at a fixed instant of time, 
say t * 0, and by assigning to each particle a 
set of numbers which may be taken as its co- 
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ordinat* in space. Again for example, when 
limited to une-dimensional motion, the identify- 
ing tag associated with each particle is merely 
its position on the axis of motion at t » 0. As 
time proceeds, each particle moves, and its 
position will be a function of time. If * is its 
location at time t, then x ■ x (t) for each parti- 
cle. Let the term a be the initial position of a 
particle; then a will be different for each parti- 
cle, and the entire “field” (that is, all particles 
at the same time) may be described by the 
single expression 

t=x(a, t) 

where, for each particle, a is a fixed number, 
and t is the time. Correspondingly, the velocity 
of each particle is given by 

ix 

where the partial derivative symbol is used to 
emphasize that a single particle is being con- 
sidered. For brevity, it is conventional in hy- 
drodynamic literature to write 


so that 


dx , 

x=u(«, t) 


In the Euler representation, consider a re- 
gion of space which may be arbitrarily selected. 
Again using one-dimensional motion as an ex- 
ample. the location of this region is denoted by 
a position, x, relative to the coordinate system. 
Thus, x is an independent variable, and locates 
a point in space, not a particular j (article. 
Through thi however, particles pass, 

and each part'sle tuts certain properties asso- 
ciated ■. (tii it ' * .'a instil t of passing through 
the point x. \ oroi erties are velocity, ac- 
celeration, ,.«"»■•»«% ocjisity, etc. Accordingly, 
for example. u * .o’ jcity at (not of) any point 
in space v< ■» < .cu«u *»f time; for with time, 
differeui i.4tilcies are passing the point Let 
the variable which describes all the points in 
space be x, and let t be the time. Then, the 
velocity at the point, at that time may be 
written 

u-u(x, t). (4-7) 


At a given instant of time the particular parti- 
cle passing through the point has this same 
velocity, by definition. Hence, 

x=K(*,f) (4-8) 

and if n has been determined, the position with 
time of each particle may be determined by in- 
tegrating Eq. 4-8. The solution will involve s 
constant of integration, which may be deter- 
mined by the location of the particle at time t 
=0. Accordingly, the solution will be ex- 
pressed in terms of a, the Lagrsngisn coordi- 
nate, written after solution as, 

x-/(a,t) 

where f will now be a known functional form. 
This integration then forms the connection be- 
tween the Eulerian and Lagrangian technique. 
It should not be inferred that the physical de- 
scription just given is easily carried out. In 
fact, very few solutions are known even in the 
one-dimensional case. 

Referring to Eq, 4-7, an important distinc- 
tion is made. If each particle that passes the 
point x has the same characteristics in terms of 
speed, pressure, etc., as every other particle that 
passes through the point x, then u, given by Eq. 
4-7 does not change with time. 

In this case u - u(x) and the flow is said to 
be steady. It should bo noted that the flow, fol- 
lowing each particle, may differ from point to 
point, and still be within this definition of 
steady. This simple fact illustrates the utility 
of the Euler description. If, on the other hand, 
particle properties are different for each suc- 
ceeding particle that passes through x, then u, 
at x, is also a function of time, written 

u=u(x,t). 

In this case, the flow "field” is said to be non- 
steady. 

4-131 Basic Oae-OloMMlaaal Flew Ef coffees 

On the basis of the simple introduction, given 
in the preceding paragraph, some of the basic 
equations of one-dimensional flow will be. sum- 
marized. Once again, this discussion is explan- 
atory in nnture, and is not concerned with equa- 
tion derivation as such. 
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The beak laws governing the behavior of the 
flow field are the aame aa those governing any 
other mechanical system. That is, Newton's 
laws of motion, conservation o 2 energy, conser- 
vation of mass, and the laws of thermodynamics 
govern. 

Consider first the conservation of mass. Us- 
ing the Euler description, a region in space is 
selected through which the particles are pass- 
ing. The rate at which mass leaves the region, 
minus the rate at which it enters, i>.uat equal 
the rate at which it decreaaes within the region. 
If p is the mass density, dx the length of the 
region of cross section A, and u is the entering 
speed, then pAu is the mass per unit of time 
entering the region, and pAdx is the mass with- 
in the region. Using subscripts to denote loca- 
tion, 

<*«),3A“-^(*Ad*) 

or 

_3p 

dx U 


which, upon passing to the limit, gives the con- 
tinuity equation for ono-dimensional flow. 
(This assumes that A is a constant) 


Thus, 


dx it 


( 4 - 8 ) 


where p^pix, t) and s 3 »(t, f) are the density 
and velocity of the particular particle that hap- 
pens to be passing through the region located 
at x, at time L 

In a similar manner, by drawing a free body 
diagram of the region located at x, and by ne- 
glecting nil forces except pressure, the moment- 
um form of Newton's law is obtained, 


a» +j( 3u = 1 a p 

it 3x p dx 


( 4 - 10 ) 


where P is the static pressure between fluid 
particles. 

Shearing forces are neglected because with 
such terms the practical problem of solving the 
blast equations, even in one dimension, is much 


4-10 


too difficult; being even too difficult for solution 
on high speed computer*. Fortunately, this as- 
sumption of fri cti o n lees flow does not invali- 
date the analysis. Instead, aa will be presently 
discussed, there are regions of the flow in which 
the viscosity plays a very important part These 
regions are the shock waves that show up, 
mathematically, as discontinuities in the flow. 
The discontinuities tone as boundaries scrota 
which the fluid properties undergo sharp, step 
changes. It has been found that if the flow 
field is assumed to be everywhere continuous, 
frictionless, and adiabatic, except at the discon- 
tinuities, a reasonable approximation to the 
real, physical system can be achieved. In fact, 
in the sense of a real fluid there are no discon- 
tinuities. 

Fortunately, however, the rates of change of 
fluid properties are so great that shock waves 
may be treaM as fluid discontinuities. This 
permits the neglect of viscosity and heat con- 
duction elsewhere. Even with this simplifica- 
tion, however, straightforward solutions are 
very difficult, and it is only with the aid of ap- 
proximation that solutions have been obtained 
for the one-dimensional, non-steady, blast prob- 
lem. 

The thermodynamic relations required ex- 
press the first and second of Newton's laws. If 
E represents the internal energy per unit mass 
it fluid, which includes thermal and chemical, 
and Vt wh* represents the kinetic energy of a 
particle of mass m, then the first law states that 
the work done equals the change in total energy 
(neglecting heat transfer aa stated above). 
Thus, for a particle of dimension* Adx, moving 
with the speed u, and having density * and 
pressure P, there is the expression 

[CPu)«— (Ph)«^1 dt‘A 


which is the work done on tlie particle. Its 
change in energy is 


dUdxJ- 

at 



v pon passing to the limit, this gives 


d 

r > — 
dt 
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which, by making: use of the continuity equa- 
tion, may be written, 


<tE_P d, 
*dt ~ p i it 


(4-11) 


where — is the total derivative, following the 
dt 

particle. Sin.'e each particle is passing through 
a given location at each instant of time, its 
properties, p for example, may be written 

a=j»<*.<). (4-12) 

d 

Then, — of p means the total rate of change 

of p with time and position. Hence, using the 
chain rule of calculus, applied to Eq. 4-12 

dp dp dp <ix 

dP 5T dx it 
dx 

but — = u, the speed, ana hence the Lagrun- 
dt 

gian and Euler derivatives are connected by th* 
relation 


dp dp dp 
dt dt 8x 


(4-13) 


where the same expression may be applied to 
any one of the fluid properties; that is, for ve- 
locity itself, 


du 8u 
— = — +u — . 
d' dt dx 


(4-14) 


In these cases it is noted that — means the total 

dt 3u 

rats of change, consisting of a part, — , caused 

dt Su 

by changing a at a given point, and of u — , 

dx 

caused by changing location at a given time. 

If we assume there are no dissipating proc- 
esses within the fluid, except at the discontinu- 
ities, then the thermodynamic condition of con- 
stant entropy may lie applied to any region 
free of boundaries. This leads to the unnl adi- 
abatic relation that permits pressure to be ex- 
pressed as a single-valued function of density 
alone. Note, however, that across discontinu- 
ities two different elements of fluid may have 
undergone different dissipative processes. Con- 


aequently, the adiabatic law may be different 
for the two particles. 

In order to introduce the subject of shock 
waves in a m a nne r most appropriate to the 
present discussion, it will be convenient to first 
discuss waves of small amplitude. 

For reference, the continuity and momentum 
equations for one-dimensional flow are re- 
peated: 

3 

~ -(/*) +-r- s 0 (4-9) 

dx dt 


(4-10) 


Assume that there exists an everywhere uni- 
form and stationary fluid of (initial) density 
p,. It is now desired to determine how the fluid 
r'mets when a small pressure disturbance is 
created. This is the usual acoustic problem. It 
is instructive to see what assumptions roust be 
made to arrive at the concept of a sound wave. 

If the indicated differentiation is carried out 
in Eq. 4-9, the result is 

d dp du 

•—(fAiJ —— -U + p— 

dx dx dx 

If It is assumed that u, the particle velocity, ia 
small, and that the density change at a point 
ia small aa a result of a small pressure pulse, 

dp 

the term — u represents a quantity of second- 


order compared with 


Accordingly, it 


m*y be neglected. Further, since P is presumed 
to be a function of p only, 


dP\dP 


Si»*( \ evaluated for an adiaoatic change 

ia a slowly varying function of p, it will be 
treated within the framework of the present 
assumption as a constant, and be denoted by 
C, 1 . In the momentum equation, Eq. 4-10, the 
du 

term u — ia also cf second order and will be 

OX 


dt \ dp ) 


i 




neylt’cuil. 1 -mg these assumptions in Lqs. -1—1) 
:ilid 1 10 lends '.<> 

ds 

pb- 

“i a> 

« 

O * 

(4-15) 

and 


i ap au- jB(J 


f dx dt 


As !» further assumption, consistent with tliose 


already made, p — tor example, may be written 
ix 

ifu . 3a , , 

(p,+ ty)— f and the term is a second 

order quantity, Neglecting this term results in 
the pair of linear, partial, differential equations 
with constant coefficients, 

3tt + _L<£. 

C„- it 

and 

i a?, a u 

mm ■) =0 

p, 3z at 

which may be combined into a sinjrle equation. 
Differentiating the first with respect to t, and 
the second with respect to x, and making use 
of the fact that 


(4-17) 

(4-18) 


0 / 0u\ £/ fu\ 

at\ai/ a*\ at / 


for continuous functions and derivatives, wc 
combine the pair of equations to give the acous- 
tic wave equation 


2'P_ 1 VP 

dx 1 * C7 at* 


(4-19) 


A solution of thin equation requires the sub- 
stitution of some function that will reduce both 
sides to an identity. An may be seen by direct 
substitution, such a function is 

P-/ (t-x/C.) (4-20) 


where the argument of the function is the 
quantity t-x/C., and / is an arbitrary func- 
tion. The exact form of / will depend on the 
boundary conditions; however, without con- 
sidering that aspect considerable information 
can be obtained. In words, Eq. 4-20 states that 


the piikMiiv in the fluid ut any point x, and 
at any time i, is a function of file specific com- 
bination i)i s and t, given by (t -x/C.), rcgaiil- 
las» of the functional form of /. To see tlio 
moaning of this, lot 

t -x/C,- n'. 

Then 

P=/(w) 

and for all values of x and t which make w a 
constant, the pressure P is also a constant and 
equal to the same value, because a function of 
a constant is a constant Let w be given a set 
of constant values, such as «>«, te„ *v„ etc.; 
then, 

x*C.t+0, (4-21) 

where Wi is one of the values of the series w„ 
w„ etc If x is plotted against t for different 
values of w, the result it a set of straight lines, 
ail having the same slope, as shown in Fig. 4-7. 

Also note thst because of P=f (ici), each 
line ia also a line of constant pressure. The 
form of Eq. 4-21 shows that C, is a speed fac- 
tor, because (speed) X (time) gives distance. 
Consider then, the point a on line w„ Let the 
pressure on this line (everywhere on the line) 
have the value P,. This occurs at x=x„ at time 
as shown. As other points are considered 
in the <x, t) flow field, it is seen that at point 
b, where x-x,, and i=f», the pressure is still 
P,. That is, the same pressure has been trans- 



Hgun 4-7. Mot of * Again* t for DHfonni 
Values of w 
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mitted from point a to point b. Since the speed 
of transmission fci 


U-U 

using Eq. 4-21, the 

. .. C.(t>-t a ) 

speed of transmission = — - — =C, 

(i» — !•) 


showing that C, is the speed of transmission 
of the pressure pulse. Since the lines given by 
are straight lines, it can be seen 
that C„ called the speed of sound, is the same 
everywhere in the How Held. It is also seen that 
by holding x constant and varying the time, the 
pressure at a point. changes with time. The 
pressure puise may then be envisioned as being 
transmitted as shown in Fig. 4-8, where the 
pulse is moving to the right with the speed C- 
That is, energy is exchanged between particles 
to transmit the pressure; however, the move- 
ment of each particle need only be small. This 
is well illustrated by the familiar example of an 
ever-widening disturbance created on the sur- 
face of a still pool of water. 

To examine the motion of each particle, con- 
sider Eq. 4-18. Then, with P-f(t-x/C.), 


dt in tx p, y c» j 


(4-22) 


where f'U~zlC.) is the derivative of / with 
regard to its argument (t-x/C,). In order to 
determine the variation In u at a point, we inte- 
grate this equation with respect to t, holding x 
fixed. This gives 


or 



/I'*'. 

(4-23) 

U--L.I 

P^l 


(4-24) 


where the initial values of u and P are taken as 
sera and P„ respectively. 

To effect the integration of Ec 4-22 with 
respect to time, as above, write 
t-x/C*=z 

then 


3a 1 . 



Figure 4-4. Itansmiulon of Prtuure 
Mu in Pomf-Time Field 


and 


ru) 


9t - df 
“a t dz~dt 


since 3</3r=l, and the result follows. 

From Eq. 4-24 it is seen that u is small, com- 
pared with the speed of transmission, for small 
variations in P„ To examine some numerical 
values recall that the sound speed C„ is given by 


C.= 



Using tli* adiabatic equations of state for air 
and water givec C,~ 1,100 ft/sec. for air and 
C.= 5,000 ft/sec. for water, at near standard 
conditions. Since the densities of the two media 
are so different, Eq. 4-24 shows that the par- 
ticle velocity is much leat in water. If **>2.0 X 
10’* alugs/cu ft for air, and *»2.0 aluga/cu ft 
for water, the same pressure difference of (for 
example) one hundredth of an atmosphere *20 
lb/sq ft, produce! particle velocities, induced by 
the passage of the pressure wave, equal to. 


«„,.,=2X10-» ft/eee. 
a.!,** 10 ft/sec. 


4-2J4. teste Spherical Wave fqeefteas 

Up to this point, the discussion has dealt with 
one-dimensional flow along a specified axis. 
Therefore, the warn produced have been plane 
waves, and the equations presented apply only 
to that case. [Observe that P=f(t+z/C.) is 
also a solution to the previous equation. This 
corresponds, physically, to a wave traveling in 
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the reverse direction.] Of even greater interest 
is the case of spherical waves. Fortunately, if 
it is assumed that the spherical waves are 
s: metrical and depend only on radius and 
time, the equations still depend on only one 
space variable. Let this variable be i, and by 
reasoning similar to that already employed, a 
set of equations may be derived that express 
the continuity and momentum relations. If 
these equations are linearized in the same way 
os the plane wave case, the following are ob- 
tained : 

?n _ 1 IP 

Jt~ * Jr 

and 

1 ?P 10 0u 

C.’ 0f * r‘ hr hr 

which, when combined, give, 

LL( 3 ' P 

r* Jr \ hrj cj J<* 

where u now means the radial speed, u =— , 

3 1 

for a given particle. It may be verified by differ- 
entiation that a solution of Eq. 4-27 is 

P=lf(t-r/C.). (4-28) 

r 

Using exactly the same argument as before, it 
is seen that C. is the speed of the spherical 
wave, but that now the amplitude decreaoes 
with radius because of the factor (1/r). This 
is obviously caused, physically, by the greater 
area over which the advancing disturbance is 
sprend. Integrating Eq. 4-25 with regard to f, 
and using the functional expression just found 
for P gives 

i 

[ [P(r,t‘)-P.W 

hC, *r J 
• 

where V is a variable of integration. Although 
integration cannot be performed explicitly, as 
in the plane case, it is seen that the velocity 
in the fluid u, at position r, is not only a func- ' 
tion of i.. i pressure difference at that time, but 


(4-25) 

(4-26) 

(4-27) 


also a function of all previous pressures that 
reached the point prior to time*!. This is 
shown by the presence of tl:» integral. That is, 
the velocity u. calk'd the after flow, will exist 
even after the local pressure difference iuis 
fallen to zero. Further, u will equal zero only 
when P falls below P„. This illustrates one sig- 
nificant effect of e. spherical source. It also 
serves to show why the blast problem leads to 
mathematical difficulties, for a complete evalua- 
tion of pressures and flow at points i/'hind 
(after the wave Iras passed) the wave front is 
clearly only possible by considering the proper- 
ties of the source which generate the wave. 
Further, any source will be affected by the fluid 
surrounding it, and it is seen that » coupling 
exists between the cause and effect. In the blast 
computations to be considered later, this cou- 
pling will be seen to complicate, and determine, 
the boundary conditions. 

In the blast problem, only weak sources pro- 
duce acoustic waves In the cases of interest, 
and in relation to an explosion, the pressure 
differences created by the passage of a wave 
front are too great to consider the linearized 
equations just discussed. In fact, the nonlinear 
character of the flow field, together with con- 
siderations of viscosity and heat transfer, lead 
to the formation of shock waves. To see, from 
a physical viewpoint, how this happens, con- 
sider the following argument. 


In the linearized treatment, the sound speed 
C[x,t) was replaced by a constant value, C„ 
evaluated at the equilibrium state. In other 
words, the transmission speed was assumed to 
be indeperdent of the pressure and the atate 
of motion of the fluid. These assumptions lead 
to the conclusion tnat the C~C. was a constant 
in a fixed coordinate system. On the other 
hand, if C is permitted to vary and is measured 
with respect to a set of coordinates moving 
with the fluid at the point in question, matters 
become more complex. Since P m P (#>) is an 
adiabatic relationship, P is expected to increase 


dP 

at an increasing rate with p. That is, — - is 

dp 

positive and increases with increasing compres- 
sion. Accordingly, the sound speed increases 
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with increasing compression. The great signifi- 
cance of this effect is shown in the following 
discussion, based on Ref. 4. 

Consider subsequent spatial positions of the 
same wave, as shown in Fig. 4-9. Compression 
traveling to the right, as in position (1) will 
have the 3 peed C„ relative to the fluid, at point 
a. The absolute speed of compression at point 
a is, therefore, u, + C„ where u„ is the particle 
speed. Point b represents the pressure wave 
with speed of transmission «»+C». Since point 
b is a point of higher compression than point a, 
in and C* are both higher than at point a. 
Hence, as measured in absolute coordinates, the 
pressure pulse is being transmitted faster than 
at point a. Correspondingly, the sequence of 
events is shown in (2) and (3), where the crest 
of the wave has overtaken the valley. Here 
there is an exceedingly sharp wave front, 
across which quantities vary in an almost dis- 
continuous fashion. The steepneis of this wave 
front generates large gradients, from which it 
could be expected that heat conduction and 
viscosity would enter the picture. Because it is 
known that they do, to a significant extent, the 
elementary analysis just considered is not satis- 
factory for a complete evaluation of shock 
waves. However, it does point out the signifi- 
cant fact that strong compression waves lead 
to shock waves. Conversely, the argument also 
shows that rarefaction waves cannot produce 
shock waves. This aspect of the discussion is 
^onciuHwi by the observation that spherical 
waves, even though strongly initiated, will 
eventually approach sound waves because the 
energy density from a finite source is spread 
out over an ever expanding sphere. 


4-Z.3.5. Veriest App nmdm to ffce ties* 
Problem for fro* Mr Bunts 

a. Control 

The discussion of physical aspects in the pre- 
ceding paragraph and the nonlinear character 
of Ihe basic equations indicate that shock waves 
will develop. Further, it is clear that after the 
shock front has started to develop, the heat 
conduction effect and viscosity must become 
important because of the high gradients exist- 
ing in pressure, temperature, etc., at the wave 
front. It would seem that an obvious solution 
would be to include the viscosity and conduc- 
tion effects in the basic equations from the 
beginning, and to then solve the resulting par- 
tial differential equations. The resulting solu- 
tions would automatically account for the shock 
fronts and all aspects of the Row. Unfortu- 
nately, such an approach is far beyond the 
present applications of nonlinear differential 
equations. Even from a purely numerical view- 
point, the highest speed computers would be 
useless in a problem of this generality. Of ne- 
cessity, then, approximations are made in ob- 
taining solutions to the blast problem. Since 
the various methods are approximations, they 
are not unique, and differences in principal as 
well as in computational techniques would be 
expected. 

It has already been indicated that none of 
the authoritative works in the field has at- 
tempted to solve the complete problem. In- 
stead, the shock waves an treated as mathe- 
matical discontinuities, which serve as free 
boundaries between regions of assumed adi- 
abatic flow fields. The term free boundary 
means that these discontinuities are not known 



Figure 4-9. Compression S pee d vs Tranwniwion Speed 
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in advance, but must be determined as the solu- 
tion proceeds. Indeed, this one fact accounts 
for some of the major difficulties encountered 
in problems of this typo, both from a computa- 
tional ami theoretical viewpoint. 

It should be pointed out here that von Neu- 
mann’s scheme of fictitious viscosity is a depar- 
ture from all former techniques. While this 
technique does not treat shocks as a mathe- 
matical discontinuity, neither does it attempt 
to solve the governing differential equations in 
all their generality. This fictitious viscosity 
method will be discussed in following sub- 
paragraphs. Since shock waves, treated as 
mathematical discontinuities, play such an im- 
portant role in blast calculations, it is worth- 
while to describe the conditions under which 
they exist. The physical basis for their forma- 
tion has already been discussed. The analytical 
conditions existing at a shock front will 
now be examined. In order to discuss shock 
waves from an analytical viewpoint, it is neces- 
sary to develop the Rankine-Hugoniot equa- 
tions. These are treated in many places (Ref. 
3, for example) and will be repeated here only 
to the extent necessary to observe the physical 
implications behind them. 

Consider, for illustration of the analytical 
conditions existing at a shock front, the case 
of a plane wave advancing into a region at rest 
The side of the discontinuity facing the undis- 
turbed flow is called the front of the shock 
wave. As this front passes, the particles of 
fluid have their properties changed. Hence, 
viewed from an absolute coordinate system, a 
condition of nonsteady flow exists. If it is 
assumed that the front advances at a uniform 
speed, V, with respect to fixed axes, then an 
observer traveling with the front would ob- 
serve a condition of steady state. Let the sub- 
script “o" refer to properties of the fluid in the 
undisturbed state, and let properties without a 
subscript refer to the condition after passage 
,of the front. In Fig. 4-10, u represents the 
particle speed with respect to fixed coordinates, 
P the pressure, and p the density. £ is the in- 
ternal energy per unit mass. The shock- front is 
shown moving to the right into the undisturbed 
fluid, at speed U with respect to fired coordi- 
nates. 


(U - ul 


u 


flow Speed Relative to 
front After Passage 
P.r 


flow Speed Relative 
to Front 




1 U 

Shock front 

figure 4-10. Movement of 
Shock Front in Undisturbed Fluid 


The conservation of mass is expressed by the 
fact that the mass entering the front must 
leave the front. Therefore, for a unit area, 

p(U-u)=p.U. (4-29) 

Newton’s law may be expressed in the form: 
change of momentum equals impulse. In time 
dt, the mass crossing the boundary is 
p (£/—«) dt 

and the momentum carried into the disturbed 
region in time dt is the product of the mass 
transported and the absolute speed of transport 
(because Newton’s law is true with respect to 
absolute coordinates). The momentum trans- 
ported out is, therefore, 

P (H-u)udf 

and in a similar manner, the momentum trans- 
ported into the boundary is 
p,V(o)dt = 0 

because the absolute speed before the shock is 
zero. The impulse in time dt is 
[P-P.]dt 

and equating the two expressions gives 
p ( U~u ) u=P-P. 

but from the continuity equation, Eq. 4-29, this 
' may be written 

p. Utt=P-P,. (4-30) 

To establish the energy equation, we require 
that the work done on an element as it parses 
through the boundary is equal to the total 
change in energy. The work, in time dt, is 
Pudt 

noting that the work of P, is zero. The total 
change in energy in time dt is ‘ 

* l«tt<£ -£.)+*! ). 


4-16 


UNCLASSIFIED 


I 


4 




m 


m 




m 


m 




liquating: tlm two expressiuus gives 
Pu~!> t U (E-E,) +^tt' 

which, by elimination of n and U by use of Eqs. 
4-29 and 1-30, may be written 

I'.qs. 4-29, 1—30. and 4-31 show that a solution 
exists in the How Held fur which the variables 
are not zero. Tliat is, the basic laws of physic3 
show that a discontinuous flew is possible. It 
is these equations that are needed as boundary 
conditions to relate the llov’ on one side of a 
discontinuity to the flow on the other, when 
solving the differential equations of fluid mo- 
tion. Solving the first two explicitly for u and 
U gives, 


and 


v-\( r -Y^Y 

LA ft/p-p* J 


p 


u * 



7 

6<y-l> 


V 
e* 

a7“ V 


1+fiy 

6+v 


(1-33) 


(4-33) 


(4-34) 


(4-35) 


Thus, the shock and particle speeds may be 
determined in terms of the stated variables. 
This is what was meant by the term free 
boundaries. The speed, and hence position, of 
the boundaries nre determined only after the 
flow variables are determined in the solution 
of the differential equations. Such solutions 
frequently require trial-and-error techniques 
which are. at best, very Lime consuming. 

If it is assumed tliat adiabatic (but dUTerent 
adiabatic) conditions exist on either side of the 
shock wave, the energy terms may be ex- 
pressed as 

1 P_ 

y-1 p 

Mil 

_ 1 P. 

E.= - 

Y“* P* 

where y is the ratio of specific heats. With 
thsse two relations and the Rankine-Hugoniot 
equations (Eqs. 4-29, 4-30, and 4-31), many 
useful relations may be developed. This is 
shown, for example, in Ref. 5. Some explicit 
expressions, taken from Ref. 6, are 


l+6y 

where the equations give, respectively: the 
density ratio across the shock <4-32); the 
Mach i: imber of the advancing front, referred 
to the speed of sound in the undisturbed fluid 
(4-33) ; ' he ratio of the particle velocity to the 
shock speed (4-34), and the ratio of the speed 
of sound behind the shock front to the speed 
of sound in the undisturbed fluid (4-35). In 
these equations, the terms rot previously de- 
fined are: 

a, =spesd of sound in the undisturbed flow. 

Under the present adiabatic assumptions, 
o, may be expressed as 

-It)" 

c= speed of sound behind the shock front. 

~(tT 

y= ratio of the pressure after the shock to the 
pressure ahead of the shock, ij=P/P„ 

y- ratio of specific heats, taken equal to 7/5 
for these expressions. It is a well-known 
fact that y =7/5 =1.4 is an adequate repre- 
sentation for air, provided the tempera- 
tures are not too high. 

It is observed tliat these important flow param- 
eters have all been expressed in terms of the 
pressure ratio across the shock wave. 

Returning now to a discussion of possible 
types of solutions for the blast problem, we 
shall consider first the point source, strong 
blast solution of von Neumann, as discussed in 
Ref. 7. 

b. J. ton jVraauMJi’j So latium of tho Poimt 
Source, Strong files I Cate 

Some of the fundamental work performed on 
blast waves during World War il is represented 
by Ref. 7, which Is readily accessible. The 
first topic, of the report is the case under con- 
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sidmition, introduced most effectively by 
quoting, in part, von Neumann's own words. 

"The conventional picture of n Uast wave is 
this: In a homogeneous atmosphere a certain 
sphere around the origin is suddenly replaced 
by homogeneous gas of much higher pressure. 
The high pressure urea will immediately begin 
to expand against the surrounding low pressure 
atmosphere and send a pressure wave into it. 
As the high pressure area expands, its density 
decreases and with it the pressure; hence the 
effects it causes in the surrounding atmosphere 
weaken, As the pressure wave expands spheri- 
cally through the atmosphere it is diluted over 
spherical shells of . ever-increasing radii, and 
hence its intensity (the density of energy, and 
with it the over-pressure) decreases continu- 
ously also. This pressure wave is known (both 
theoretically and experimentally) to consist at 
all times of a discontinuous shock wave at the 
front, and to weaken gradually as one goeB 
backward from that front. 

"This description of the blast wave caused 
by an explosion is somewhat schematic, since 
the high pressure area caused by an explosion 
is not produced instantaneously, nor is its in- 
terior homogeneous, nor is it in generai exactly 
spherical. Nevertheless, it seems to represent a 
reasonable approximation of reality. 

“Mathematically, however, this approximate 
description offers very great difficulties. To 
determine the details of the history of the 
blast; that is, of its decay, the following things 
must be computed: (1) the trajectory of the 
■hock wave; that is, of the front of the blast 
wave ; and (2) the continuous flow of air behind 
the shock (ahead of the shock the air is unper- 
turbed and at rest) . This requires the solution 
of a partial differential equation bounded by 
the unknown trajectory (1). Along this trajec- 
tory the theory of shocks imposes more 
boundary conditions than are appropriate for a 
differential equation of the type (2), and this 
overdetermination produces a linkage between 
(1) and (2) which should permit one to deter- 
mine the trajectory of (!) and to solve (2). 
To this extent the problem is a so-called “free 
boundary" partial differential equation prob- 
lem. However, the situation is further com- 
plicated by the fact that at each point (2) the 


local entropy is determined by the entropy 
change the corresponding gas underwent when 
it crossed the shock (1) ; that is, by the shock 
strength at a certain point of (I). The iatter 
depends on the shape of the trajectory ( 1), and 
the entropy in question influences the coeffi- 
cients of the differential equation (2) . Hence 
> *e differential equation (2) itself depends on 
the shape of the unknown trajectory (1). This 
dependence cannot be neglected as long as the 
entropy change caused by the shock is im- 
portant; that is. as long as the shock is strong 
(in air a shock can be considered "strong" if 
the shock pressure exceeds 3 atm). Mathe- 
matically rach problems are altogether inacces- 
sible to our present analytical techniques. For 
this reason the general problem of the decay of 
blast has been treated only by approximate 
analytical methods, or numerically, or by com- 
binations of these. 

“For very violent explosions a further sim- 
plification suggests itself, which changes the 
mathematical situation very radically. For 
such an explosion it may be justified to treat 
the original, central, high pressure area as a 
point. Clearly, the blast coming from a point, 
or rather from a negligible volume, can have 
appreciable effects in the outside atmosphere 
only if the original pressure is very high. One 
will expect that, as the original high pressure 
sphere shrinks to a point, the original pressure 
will have to rise to infinity. It is easy to see, 
indeed, how these two are connected. One will 
want the energy of the original high pressure 
ares to have a Axed value £., and as the 
original volume containing E, shrinks to zero, 
the pressure in it will have to rise to infinity. It 
is clear that of all known phenomena nuclear 
explosions come nearest to realizing these 
conditions." 

The investigation presented in Ref. 7 con- 
cerning the decay of a blast wave due to a point 
explosion of energy E. was largely taken from 
the following sources: G. 1. Taylor, Proc. Royal 
Soc„ British Report RC-21C, June 27, 1941; 
and John von Neumann, NDRC, Div. B, Report 
AM-9, June 30, 1941. Important simplifications 
(in particular, the use of the variable of Eq. 
2.44) are due to G. Y. Kynch, British Report 
BM-82, MS-69, Sept 18, 1943. The results 
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were generalized by J, H. van Vleck, NDRC, 
Div. B, Report AM-1 1, Sept. 15, 1942. Compare 
also the later work of G. 1. Taylor, Proc. Royal 
Soc. (London), A201, 159 (1950). 

One of ihe most significant aspects of the 
solution given by von Neumann is the use of 
dimensional similarity to reduce the complexity 
of the problem. Since he deals with a point 
source and considers very high pressures, the 
initial air pressure before burst, P„ is neg- 
lected. These assumptions permit u grouping of 
variables which leads to a set of ordinary, 
rather than partial equations. The report con- 
cludes with a set of formulae which may he 
used to compute the shock and flow parameters. 

c. H. Be&Wi Snlution for Small (y—1) 

A method discussed by H. Eethe. in Ref. 7, 
is more general than von Neumann's solution. 
It is based on the fact that the term (y-1) 
may be considered small in many applications. 
Here, again, the best description of the method 
is afforded by the author's introductory re- 
marks: 

"The solution given in von Neumann Point 
Source Case is only valid for an exact point 
source explosion, for constant y, for constant 
undisturbed density of the medium, and for 
very high shock pressures. It is very desirable 
to find a method which permits th6 treatment 
of somewhat more general shock wave prob- 
lems and thereby comes closer to describing a 
real shock wave. The clue to such a method is 
found in the very peculiar nature of the point 
source solution of Taylor and von Neumann. It 
is characteristic for that solution that the 
density is extremely low in the inner regions 
and is high only in the immediate neighborhood 
of the shock front. Similarly, the pressure is 
almost exactly constant inside a radius of about 
0.8 of the radius of the shock wave. 

"It is particularly the first of these facts that 
is relevant for constructing a more general 
method. The physical situation is that the ma- 
terial behind the shock moves outward with a 
high velocity. Therefore, the material stream: 
away from the center of the shock wave and 
creates a high vacuum near the center. The 
absence of any appreciable amount of material, 
together with the moderate size of the accelera- 


tions, immediately >ads to tiie conclusion that 
the pressure must be very nearly constant in 
the region of low density. It is interesting to 
note that the pressure in that region is by no 
means zero, but is almost one-haif of the pres- 
sure at the shock front 
"The concentration of material near the 
shock front and the corresponding evacuation 
of the region near the center is most pro- 
nounced for values of the specific heat ratio y 
close to 1. It is well-known that the density at 
the shock increases by a factor 


(4-86) 


f* r -1 

This becomes infinite as y approaches unity. 
Therefore, for y near 1 the assumption that all 
material is concentrated near the shock from 
becomes more and more valid. The density near 
the center can be shown to behave as (y - 1 ) /r*, 
where r is the radius. 

“The idea of the method proposed here is to 
make repeated use of the fact that the material 
is concentrated near the shock front. As a con- 
sequence of this fact, the velocity of nearly all 
the material will be the same as the velocity of 
the material directly behind the front. More- 
over, if y is near 1, the material velocity behind 
the front is very nearly equal to the shock 
velocity itself; the two quantities diffe only by 
a factor 2/(y+l). The acceleration of almost 
all the material is then equal to the accelera- 
tion of the shock wave; knowing the accelera- 
,tion one can calculate the pressure distribution 
'• in terms of the material coordinate; i.e., the 
amount of air inside a given radius. The cal- 
culation again is facilitated by the fact that 
nearly all the material is at the shock front and 
therefore has the same position in apace 
(Euierian coordinate). 

“The procedure followed is then simply this: 
we start from the assumption that a 'I material 
is concentrated at the shock front. We obtain 
the pressure distribution. From the relation 
between pressure and density along an adia- 
batic, we can obtain the density of each ma- 
terial element if we know its pressure st the 
present time as well as when it was first hit 
by the shock. By integration of the density we 
can then find a more accurate value for the 
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position of each mass element. This process 
could be repeated if required; it would then 
lead to a power series in powers of y— L. 

“The method leads directly to a relation be- 
tween the shock acceleration, the shock pres- 
sure, and the internal pressure near the center 
of the shock wave. In order to obtain a differ- 
ential equation for the position of the shock as 
a function of "*ne, we have to use two addi- 
tional facts. One is the Hugoniot relation 
between shock pressure and shock velocity. The 
other is energy conservation in some form. In 
some apolications such as that to the point 
source solution itself, we may use the conserva- 
tion of the total energy which requires that the 
shock pressure decrease inversely as the cube 
ot the shock radius {similarity law). On the 
other hand, if there is a central isothermal 
sphere no similarity law holds, but we may 
consider tire adiabatic expansion of the isother- 
mal sphere and thus determine the decrease of 
the central pressure ns a function of the radius 
of the isothermal sphere. ,lf we wish to apply 
the method to the c:"*' of variable y without 
isothermal sphere, we may again use the con- 
servation of total energy, but in this case the 
pressure will not be simply proportional to 
l >Y\ where Y is the shock radius. 

“As has already been indicated, the applica- 
tions of the method are very numerous. The 
case of not very high k pressures can also 
be included; in this ca. die density behind the r 
shock wave does not have the limiting value of 
Eq. 4-36 but depends itself on the shock pres- 
sure. This does not prevent the application' of 
our method as long as the density increase st 
the shock is still very large so that most of the 
material is still near the shock front. 

“The only limitations of the method are its 
moderate accuracy and the possible complies- * 
tions of the numerical work. The accuracy 
seems satisfactory up to y about 1.4. For the 
point source, a direct comparison with the 
exact solution is possible." 

The most significant aspect of H. Bethe's 
solution is the fact that, although desired for 
conditions near y— 1, it holds h canonably well 
for the case of y«1.4. the standard air value. 
The author shows that it agrees with von 
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Neumann, if in von Neumann's solution y is 
allowed to approach 1. 

d. H. Beihe’t, K. Fucks* Solution /or Small 
Blast Prostur* 

Ref. 7 is also the source of this theory. The 
purpose of the analysis was to provide an 
asymptotic solution that reduces to ordinary 
acoustic theory in the limit, as the radius of 
the blast sphere becomes large. Another reason 
given for the technique is that it may be used 
to indicate a suitable stopping point in a purely 
numerical computation. This point is reached 
when solution by machine hn9 progressed suf- 
ficiently to make numerical techniques wasteful 
of machine time; because from this point, 
asymptotic, appropriate formulas are adequate. 
For further information, Ref. 7 should be con- 
sulted. 

«. The Method of Kirkwood and Brinkley 

Developed by the authors during World War 
II, this method differs in principle from those 
mentioned above, because the authors are 
specif.^aiiy interested in the blast from high ex- 
plosives rather than nuclear explosions. It is 
applicable to either air or water. The method 
is summarized in Ref. 5, and the original paper 
is listed herein as Ref. 8. The report is one in 9 
long series on the same general subject by the 
same authors. Refs. 5 and 8 each give addi- 
tional references. 

* ;'.The Kirkwood -Brinkley theory has become 
somewhat of a standard for high explosive 
work, and although experimental discrepancies 
have been reported, it still remains one of the 
best available means of approximating the 
'Physical occurrence of blast. 
y The theory is based upon nonviscous theory 
outside shock fronts, and uses the equations 
of motion and the equation of continuity in 
spherical coordinates. When these two equa- 
tions are evaluated at the shock front, they 
represent two relations for the unknown radial 
velocity u and pressure P. and their deriva- 
tives. The Rankine-Hugonint equation provides 
one more relationship, making three equations 
available, (it should be observed that the other 
Rankine-Hugoniot equations do not supply the 
needed information, for they introduce addi- 
tional state variables.) 
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In developing the equations, the initial and 
boundary conditions are chosen to correspond 
to adiabatic explosion at constant volume. 
While these do not coincide exactly with real 
explosives, the inaccuracies introduced decrease 
with blast radius. 

The fourth required relationship between the 
derivatives is achieved approximately by re- 
quiring that certain similarity conditions be 
satisfied. The authors point out in their basic 
report, Ref. 8, that it is futile to seek a fourth 
relation between the partial derivatives that 
docs not involve a solution of the basic equa- 
tions. They go on to show, however, that an 
approximate relationship can be achieved on 
physical grounds. The exact form of the rela- 
tionship is discussed in detail in Ref. 3; physi- 
cally, it amounts to choosing a functional form 
for the shape of the shock wave decay, and 
then determining unknown constants so that 
the basic equations are satisfied as nearly as 
possible. As the authors point out, such a 
procedure is similar to the Rayleigh method, in 
which an assumed solution is chosen, subject to 
the determination of constants. 

The report concludes with a discussion of 
specific procedures for computing shock wave 
parameters. It should also be remarked that 
this theory is particularly suitable for extend- 
ing measured data out to greater blast radii. 
This use, in fact, has become one of the major 
applications of the theory’. 

f, Th * Fictitious Viscosity Method of 
J. von 1 Vw<mim and R. Richtmyer 

In Ref. 9 von Neumann and Richtmyer in- 
troduce a significantly new concept for the cal- 
culation of flow fields bounded by, and con- 
taining, shock waves. A direct quotation from 
the introduction of this b.~xv: paper is appro- 
priate 

“In the investigation of phenomena arising 
in the flow of a compressible fluid, it is fre- 
quently desirable to solve the equations of fluid 
motion by stepwise numerical procedures, but 
the work is usually severely complicated by the 
presence of shocks. (10) The shocks manifest 
themselves mathematically as surfaces on 
which density, fluid velocity, temperature, 
entropy and the like have discontinuities; and 


clearly the partial differential equations gov- 
erning the motion require boundary conditions 
connecting the values of these quantities on 
the two sides of each such surface. The neces- 
sary boundary conditions are, ot course, sup- 
plied by the Rankine-Hugoniot equations, but 
their application is complicated because the 
shock surfaces are in motion relative to the 
network of points in space-time used for the 
numerical work, and the differential equations 
and boundary conditions are nonlinear. Fr 
thermore, the motion of the surfaces is not 
known in advance but is governed by the dif- 
ferential equations and boundary conditions 
themselves. In consequence, the treatment of 
shocks requires lengthy computations (usually 
by trial and error) at each step, in time, of the 
calculation. 

“We describe here a method for automatic 
treatment of shocks which avoids the necessity 
for application of any such boundary condi- 
tions. The approximations in it can be rendered 
os accurate as one wishes, by suitable choice of 
interval sizes and other parameters occurring 
in the method. It treats ail shocks, correctly 
and automatically, whenever and wherever 
they may arise. 

"The method utilizes the well-known effect 
on shocks of dissipative mechanisms, such as 
viscosity and heat conduction. (Lord Rayleigh 
(11) and G. I. Taylor (12) showed, on the 
basis of general thermodynamical considera- 
tions, that dissipation is necessarily present in 
shock waves. Later, R. Becker (13) gave a de- 
tailed discussion of the effects of heat conduc- 
tion and viscosity. Recently, L. H. Thomas 
(14) has investigated these effects further in 
terms of the kinetic theory of gases.) When 
viscosity is token into account, for example, 
the shocks are seen to be smeared out, so that 
the mathematical surfaces of discontinuity are 
replaced by thin layers in which pressure, 
density, temperature, etc, vary rapidly but 
continuously. Our idea is to introduce (arti- 
ficial) dissipative terms into the equations so 
as to give the shocks a thickness comparable to 
(but preferably somewhat larger than) the 
spacing of the points of the network. Then 
the differential equations (more accurately, the 



4-21 



corresponding difference equal .is) may be 
used for the entire calculation, just as though 
there were no shocks at all. In the numerical 
results obtained, the shocks are immediately 
evident as near-discontinuities that move 
through the fluid with very nearly the correct 
speed and across which pressure, temperature, 
etc., have very nearly the correct jumps." 

It should be noted that as useful as this con- 
cept is, it depends explicitly upon the numeri- 
cal integration of the differential equations. 
The ability to carry out the numerical solutions 
has resulted from the great improvements in 
computers since World War II. Present day 
machines are not only much faster, but are 
more reliable. 

It should be noted, too, that the present 
method is much more general than the other 
methods. Where tne older methods assume the 
outward progress of the shock wave, they neg- 
lect the possibility (in most cases) of the for- 
mation of other, following shocks. In the 
present method, these additional shocks are 
automatically accounted for. 

g. H. BrodaU Application of the Fictitious 
Vlecoeily Method 

H. Brode (Ref. 15) uses the fictitious vis- 
cosity method of Ref. 9 to carry through very 
complete solutions for the point source method. 
The author points out that solutions of the 
blast wave problem are available for point 
sourca-atrong wave, and point source-weak 
wave. These are discussed in Ref. 7. 

It will be recalled that mathematical difficul- 
ties lead to the need for simplifications in the 
early work. In particular, the shock problem 
of free boundaries presented on extremely dif- 
ficult computational problem. With the dis- 
closure of Ref. 9, complete new areas were 
opened for study and analysis A detailed 
treatment of the point source case is giv-„n in 
Ref. 16.. The paper outlines the approach and 
diiwu<M*s the numerical integration scheme 
used. A very significant aspect of the paper is 
the presentation of a rather Urge number of 
numerical results. The presentation is given 
primarily in terms of nondimensional quanti- 
ties from which detail calculations may be 
made. Following are some of the results pre- 


sented in the report, either in the form of 
curves, explicit equations, or both. 

' 1. Particle velocity at the shock front vs 
radius parameter. 

2. Overpressure at the shock front vs radius 
parameter. 

3. Dynamic pressure at the shock front vs 
radius parameter. 

4. Pressure within the flow field as a func- 

■ tion of time and distance, in terms of a 

time parameter and a radius parameter. 

5. Particle velocity as a function of position 
and time. 

6. Density as a function of position and 
time. 

7. Positive and negative phase duration. 
That is, the times during which the over- 
pressure is positive or negative. 

8. Positive impulse. 

9. Negative impulse. 

In these presentations, nondimensional units 
for time and distance are normally used, so 
that the curves may be used for many cases of 
interest. 

From both a theoretical and practical com- 
putational viewpoint, thia paper is highly 
recommended as a working tool for blast com- 
putations. The paper concludes by examining 
the casa of a finite-size source, and remarks on 
the basic differences in the mathematical 
models represented by the point and finite-size 
sources. 

L H. Brode ’ * Application of the Fi ctit io us 
Vtieoti ty. Method la a FiniteSiae Charge 
of High Explottoe 

H. Brode's work on solutions of the point 
source method (Ref. 15) were extended to in- 
clude the eas» of a finite-size sphere of high 
explosive as the initiating energy source (Ref. 
16). The hydrodynamic equations were solved 
numerically, using the artificial viscosity con- 
cept. Results are presented graphically in 
most cases. The author also points out the 
significant fact that scaling laws are less ap- 
propriate in a blast computation based on a 
finite-size high explosive ch-jrge. This is true 
because the boundary conditions depend on the 
mass of the HE, and the effects, it has been 
found, extend out to low pressure levels. The 
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Author presents as a working rule that usual 
sealing methods (Sachs) will be adequate only 
when the radius of the primary shodc sphere 
iu equal to or greater than that necessary to en- 
close a mass of air equal to ten times the initial 
mass of HE. 


4- 2.3.1. Scaling end 0 enrage Parameters 


The parameters of interest in blast computa- 
tions, discussed in previous paragraphs (see 
also Ch. 2, Sec. IV) are listed and summarized 
at this point. The parameters of greatest in- 
terest are those which relate directly to dam- 
age. It has been found that these include peak 
pressure, positive duration, negative duration, 
positive impulse, negative impulse, peak nega- 
tive pressure, and dynamic pressure. The peak 
pressure is most obvious. It corresponds to the 
value of the pressure given by the passage of 
the main shock wave. The ether quantities are 
defined in the following way. 

Consider a specified point in space. At this 
point, the pressure will vary with time after 
the passing of the initial shock wave. The time 
during which the pressure is positive relstive 
to initial ambient pressure is called the dura- 
tion of the positive phase, and is denoted by 
D'f. (Static pressure minus ambient static 
pressure is defined as excess pressure.) A simi- 
lar definition is given for the time during which 
the excess pressure is negative. This time is 
called the duration of the negative phase, and 
it is denoted by Dv Sometimes the terms, du- 
ration of the positive (or negative) phase for 
particle velocity, are used. They are frequently 
denoted by D\ and D\, and are the times dur- 
ing which the particle velocity at a given point 
is either positive or negative. 


The dynamic pressure (per unit mass is im- 
plied) is defined as 1A> u\ where p is density 
and u is the particle velocity. It should be noted 
that these are both functions of time and posi- 
tion. 


The impulse quantities are important in esti- 
mating damage; they are defined by the rela- 
tions. 



uPdtm iPositi ve Impulse 
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where AP is the positive overpressure, and D‘, 
has been defined. It is also of interest to define 
the iutegral of the dynamic pressure. It is 
given by 

(*' 

/’»■■} j pu’dtv Dynamic Impulse. (4-38) 


The negative impulse is defined by 



(AP)dt. 


(4-39) 


Brode, in Ref. IS, states that the negative im- 
pulse can be approximated to an accuracy of 
within fi per cent by 


/-,=i UP-)(D- f ) (4-40) 

where (aP.) is negative excess pressure as a 
function of time. 

It should be emphasized that all of these 
quantities are functions of both position and 
time (except, A P maximum and minimum). 
Normally, they are evaluated at a fixed point 
in space as a function of time. The numerical 
values so determined will be different at differ- 
ent points of space. 

The shock wave and flow field parameters 
may be calculated for any particular case by 
using the formulas and curves of Refs. 7, IS, 
and 16, for example. In particular, the graphi- 
cal presentations given in the latter two refer- 
ences are quite complete. In uslug the curves 
and formulas, however, attention should be 
given to the stated range of applicability of the 
data. 


4-2.4. Ill) Seating Laws 
4-2.4. 1. IntredacMoa 

Considering the difficulty, time, and expense 
of conducting exploaive teats, it is highly desir- 
able to have analytical techniques for predict- 
ing bloat effects. In previous paragraphs some 
of the various techniques were outlined. An 
alternative approach which has proven very 
successful is the development of scaling laws. 
These laws depend on similarity considerations 
to provide formulas by which blast effects can 
be predicted for a given set of conditions if the 
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blast effects for some other set of conditions 
are known. The great utility of such formulas 
is obvious. 

In these paragraphs the fundamental scaling 
laws of Ref. 17 will be deduced and briefly dta- 
cussed. Although the results are the same, the 
method of derivation presented herein differs 
from that given in the reference. A relatively 
complete derivation is presented, because a dis- 
cussion sufficiently elementary to satisfy the 
aims of the text does not appear to be available 
ir the literature.* 

The deduction of the scaling laws will be 
based on dimensional considerations. That is, 
the equation which determines the functional 
relationship between the blast parameters must 
be dimensionally homogeneous. An equation is 
said to be dimensionally homogeneous if the 
form of the equation does not depend on the 
units of measurement. Thus, taking a simple 
example from Ref. 18. the equation for the 
period of a pendulum, 

T-2*y/C/g 

is true no matter what units are used to meas- 
ure time and length. Time may be measured 
in days, seconds, years, etc., and lengths may 
be measured In feet, inches, centimeters, etc. 
However, If a of the equation is given the value 
32.2, the equation is no longer dimensionally 
homogeneous, because the number 32.2 implies 
that length is measured in feet and time in 
seconds. Noting that the pendulum equation 
may be written 

T/y/Zfi=>2w 

it is seen that T/y/lC/g is a dimensionless 
grouping of the variables involved. 

t-IU lecMeffcem's Tfeeerem 

From the discussion of the preceding para- 
graph It may be inferred that any dimension- 
ally homogeneous equation can be reduced to a 
relationship between one or more dimensionless 
products. This is, in fact, the case. A some- 
what stronger statement is the well-known 
Buckingham Theorem; the following formula* 

* Ttsa baeii of time ftusgixph- on wmling Uwi ie an 
original treatment by Dr. Louie F. Doty, compiled ex- 
pressly for I n clueien in this publication. 


tion being taken directly from Ref. 18, where 
a proof of the theorem may be found. 

Buckingham's Theorem states that If an 
equation is dimensionally homogeneous, it can 
be reduced to a relationship among a complete 
set of dimensionless products. In order to dis- 
cuss this theorem, we note that any formula 
depends on certain variables. If these variables 
are grouped into a product such that the funda- 
mental dimensions mass (M) length (L) and 
time (T) all cancel identically, then this group- 
ing of variables is culled a dimensionless prod- 
uct. In the pendulum example just given, the 
product T/yjL/g is a dimensionless product, 
because in terms of the fundamental dimen- 
sions of length (L) and time (T), we have 


TN'L/a* 


= 1 


" Z/" J " 

I'll 


wljere the symbol is used to mean, “the 
dimensions of.” 

A set of dimensionless products of given 
variables is said to be complete if each product 
in the Bet is independent of the others, and if 
every other dimensionless product involving 
the same variables can be formed by products 
or powers of members of the set. 

At this point in the discussion it is postulated 
that every equation which describes a physical 
■ituation correctly must be dimensionally ho- 
mogeneous. (In this connection, refer to the 
discussion in Ref. 18.) 

4a ApplM fnmple ef fee Uephem't 


In order to apply Buckingham’s Theorem to 
a physical problem, it is first necessary to 
define the set of variables involved. This is 
usually not an easy task, because a complete 
knowledge of all variabiea involved would im- 
ply a thorough understanding of all the physi- 
cal processes involved. In many cases the task 
Is simplified, however, because experience will 
have shown that certain variables are impor- 
tant, but that others are relatively unimportant 
for the application contemplated and can be 
neglected. 
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To illustrate the point, consider the resist* 
ance to an object moving through the air. Both 
theory and experiment show that the resistance 
depends on the shape of the object, the air 
density, the velocity, the air viscosity, and the 
compressibility of the air. However, it is also 
known that if the speed is neither too high nor 
too low, the effects of viscosity and compressi- 
bility, as variables of the problem, can be neg- 
lected. Accordingly, for the degree of approxi- 
mation considered, the equation 

f ’=/ (a, V, D) 

may be written, where / is a general, unknown, 
functional relationship stating that the resist- 
ance F depends on the density p, the speed V, 
and a characteristic length D ( for a set of geo- 
metrically similar objects). No indication of 
how p, V, and D are involved in the function is 
implied, as yet. One way of determining the 
functional relationship is to set up and solve 
the appropriate physical equations, based on 
the laws of mechanics, thermodynamics, etc. 
Since such solutions are frequently very diffi- 
cult to obtain, it is worthwhile considering if 
any other information exists' which will help 
formulate the functional relationship. Tt is a 
remarkable fact that the requirement of dimen- 
sional homogeneity, alone, is often sufficient to 
provide a partial solution to the problem. 

As an example, consider again the functional 
form 

F=f ( p,V,D ) 

in which the variables have been previous- 
ly defined. In order to satisfy the require- 
ments of dimensional homogeneity, the varia- 
bles will be grouped Into dimensionless products 
as required by Buckingham’s Theorem. To do 
this it will be sufficient to eliminate the dimen- 
sions of mass (Af), length <£.) , and time (?) 
from both sides of the equation. This will be 
accomplished one step at a time, by dividing 
both aides of the equation by a variable or com- 
bination of variables which eliminates the di- 
mension under consideration. First, note that 
the variables have the following dimensions, 

F * force - MLT* 
p ■* density — ML-* 

F* speed ~IT-' 

D “ length — L 


where, as before, the symbol denotes bus 
the dimensions of." Next, note that Newton’s 
law, 

force ** man X acceleration 
or 

F~m(j?J=MLT- 

has been used to relate force to the fundamen- 
tal units of mass, length, and time. Inspection 
of the equation and the dimension of each vari- 
able shows that mass occurs to the Arst power 
in F and p. Hence, if both sides of the equation 
are divided by p, mats will be eliminated on the 
leftside. Thus, 


t f 

Since V and D do not contain mass, they will be 
unaffected. Further, because dimensional ho- 
mogeneity is required, any mass terms must be 
removed from the right side as they were from 
the left Accordingly, the mass term (density 
in this case) on the right side must cancel itself 
identically, because there cannot be a single 
mass term in the equation and still preserve 
homogeneity. Thus, 

±f(p,V,D)-*(V,D) 

p 


where f is another arbitrary function. Since 
the functional form is arbitrary we may con- 
tinue to use the symbol / for brevity, without 
fear of confusion. The equation with mass 
eliminated aa an explicitly appearing variable 
now reads, 

-=/(V, D) 
p 


in which it is observed that 4 he dimensions of 
Ftp are 


F ULT* 

P ULr* 


L*T*. 


Length will next be eliminated from the 
equation. On the right side, both V and D In- 
volve length. The length dimension may be 
eliminated by using either of these; for Ulus- 
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tration, D will be used. Dividing both tides by 
D*, to eilmintte length from F/p, gives 


F _ l 
pD~ D* 


f(V,D) 


but since V involves length to the first power, 
the equation is written ss 


where V/D is now free of the length dimension, 
resulting in 


F 

rD' 




Once again, the right side must be inde- 
pendent of D because it is the only length term 
in the equation. Therefore, the dimension 
length must cancel from the right side identi- 
cally, giving 



The next dimension of concern is time. Ob- 

F 

serving that the dimension of — 5 — is 



T-* 


and the dimension of V/D is 



the time dimension is eliminated by dividing by 
V 

(— )’, resulting in 

Since the left tide ie now free of ell dimensions, 
the right eide must be slso, end (V/D) must 
cancel identically. Writing /(l) to denote a 
dimensionless quantity, the final mult upon 
solving for F Is 


F~p&V*f( 1 ) 

which gives the relationship that must be satis- 
fled by the vansblee. (The technique of dimen- 


sional analysis which has been described herein 
is given in Ref. 19. Although it is s known, and 
particularly straightforward technique, it does 
not appear to be well-known in the engineering 
literature.) The constant /( 1 ) may be deter- 
mined by experiment, and it ia known that F 
depend! upon the product (p D 7 V *) , in the par- 
ticular combination given, and is not dependent 
upon purely arbitrary values of p, D, or V. In 
other words, the result states that individual 
variations in p, V, or D do not affect the value 
of F, provided the product p D‘ V * remains the 
same. 

This example serves to demonstrate the 
great power of dimensional homogeneity. It 
serves, also, to demonstrate the necessity of a 
prior knowledge of the physical variables in- 
volved. For example, suppose experiments were 
conducted on a set of geometrically similar 
objects acting at different speeds. If the speed 
range is one where compressibility and vis- 
cosity are unimportant, it is found that F/p 
D* V * remains a constant for different combina- 
tions of p, V, and D. Next, suppose that the 
test speeds are successively increased. A point 
will be reached at which 

no longer is a constant, but becomes a function 
of something. Dimensional considerations, 
alone, wil give no due es to the identity of the 
unknown dependence. However, if the basic 
differential equations of compressible flow an 
inspected, it is seen that the speed of eound, a, 
it a measure of compressibility. With this un- 
derstanding, the equation is written as 

. F»f(p,V,D.a) 

when it ia now assumed that the term a is an 
important parameter of the problem. If dimen- 
sionless produett are formed, as illustrated 
above, it ia found that 

when the function / ia now not a constant, but 
it a function of the ratio cf the speed to the 
■peed of sound. The quantity (V/a) ia called 
(he Mach number. 
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A net of experiments will now yield the re- 
sult that /, although not a constant, depends 
only on the ratio (V/n), rather than on V or a 
alone. Furthermore, dimensional considerations 
have shown that f does not depend on p. It is 
now seen that dimensional considerations com- 
bined with s knowledge of the physics of the 
problem have produced a remarkably useful re- 
sult For an entire family of similar objects, 

F V 

— may be plotted against — to provide a 
p D* V 1 a 

single curve (of the form shown in Fig. 4-11) 
which is valid for presenting resistance data 
over f wide range of speeds. 

The sintple example just described serves to 
introduce the technique of dimensional homoge- 
neity. It also paints up the need fur caution 
in the use of the technique with blast scaling 
laws: these laws should be used only within the 
range of their demonstrated validity. Ex- 
pressed in another fashion, if parameters not 
accounted fur in the blast analysis become im- 
portant* under certain conditions, the analysis 
can not provide good results under these condi- 
tions. 

4-2.44. Dedectie a ef Mas t Scaifsg Lews 

The scaling technique in blast analysis is 
used to predict performance from the analyzed 
results of previous tasta. The anaylzed data is 
used with general equations (scaling laws) 
which are established for each blast parameter 
of interest. 

Suppose it is dssirsd to develop a scaling law 
for the pressure in the fluid following the pas- 
sage of a shock front ca u sed by a blast. From 
a study of the differential equations of fluid 


flow, and with a knowledge of the physical 
phenomena involved, it is reasonable to assume 
that the pressure at any time and position, 
following the passage of a spherical shock 
front, depends upon the following variables: 


P*" 1 pressure in the fluid — 


ULT* 


ML' 7*-* 


P,= ambient pressure of fluid before blast 

r-» 

£«= internal energy of the explosive 
~MLT-*'L=Ml* T- 

6 , = ambient temperature of fluid before blast 
P 
p 

R = distance from blast point ~ L 

(“time after blast ~ T. 

It is noted that temperature, 6„ is not an 
independent dimension, but is related to density 
and pressure by an equation of state. The func- 
tional relationship may be written 

P-/ (P„ £„#.,«,(} 

where all variables have been defined. Using 
the technique described in preceding para- 
graphs for forming dimensionless products, the 
dimensions, mass, length, and time, are elim- 
inated, in that order, to give the following se- 
quence of equations: 


W*«‘) 


L.-u i-i. 

P. P. 


P _.( & t. A \ 
P.~ f \Wp?B !,i ) 


R>P. ~ ^ 


p. p ? ip ) 


figure 4-11. Auiiftonc* v$ Modi N* mb* 


i 





Note, that in applying the method of dimon- 
aional homogeneity, the equation 


P_ 

P, 



w 


■) 


was obtained by eliminating the dimension of 
length from the previous equation. The previ- 
ously discussed argument was used, that R 
must cancel itself identically from the equation ; 
otherwise, it would be the only term pa either 
side of the equation containing the dimension 
length. This clearly would violate the require- 
ment of dimensional homogeneity. In the same 
equation, the dimension at time occurs on the 
right side, but not on the left side. There is 
no violation of principle, however, since there 
is more than one term on the right side con- 
taining the dimension time, and the require- 
ment at identical canceling does nut exist. That 
is, identical canceling is required only when 
one term would otherwise remain in the entire 
equation. 

It may be seen that the dimensionless prod- 
ucts of the last equation are independent, be- 
cause each contains ■ variable not contained in 
the others. Further, because the original six 
variables were combined by eliminating three 
dimensions, it is reasonable to expect three 
dimensionless products. For convenience, let 
these dimensionless products be called r to 
connote an absence of dimensions, and give 
them distinguishing subscripts. Thus, let 




Wf 


V* 


Jp 

p. 

E. 

R’P. 

t.f 

JP 


These «'s satisfy the requirements of Bucking- 
ham’s Theorem, but the theorem alone will give 
no further aid in determining the beet form for 
• presentation of results. That is, while *„ 
in are a complete set, they are not necessarily 
the most useful such set. . Different complete 
sets may be derived by combining ■» »«. and «>, 
and the most useful set can be selected only 
after a study of tne physics of the problem. 


The equations in this particular case are the 
equations of fluid flow. These are partial differ- 
ential equations in which distances and time 
are each independent variables, and p is a de- 
pendent variable. Further, E„ P„ and 8. are 
known conditions in any test These comments 
imply a desirability of having, if possible, a 
complete set of n‘s, each of which contains only 
p, t, or R, together with the known variables. 
Note that *, and *, each satisfy this aim, but 
ir, does not, because it contains both t and R. 
This may bo remedied by solving «, for R and 
substituting that value in *>. A more aymetrical 
set is given by Sachs in Ref. 17. His groupings 
can be arrived at in the following way ; let 



»/• 

R 


(x )*" 

(P, V" 


Then, taking »„ and >, as the complete set, 
we have 

*!=/(*«, «■»> 


or 



[(gRgr-H- 


<4-41) 


The last equation is the famous Sachs scaling 
law, given for the first time in Ref. 17. It is 
noted that Ref. 17 interprets E, as Uie weight 
of explosive, IF,. This is an equivalent state- 
ment, for IF, Is certainly proportional to E, 
for a given class of explosives. 

It Is emphasised that tho scaling laws were 
derived for free air bursts. They are applicable 
to bbrsta in the presence of ground reflection* 
only by proper allowance for the reflection 
effect. For a discussion of these effects, Rof. 
17, and the reports listed in the bibliography 
may be consulted. 

In words, the scaling law, Eq. 1-41, states 
that the pressure measured in units of ambient 
pressure is the same for all conditions which 
make the functional relationship have the same 
numerical value. This will certainly be true 
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r. 


if each argument of the function has the same 
value for the set of conditions under consider- 
ation. Thus, P/P, will have the same value for 
two different sets of conditions, provided 
(P„ 9, xn t have live same value in each 
condition. Specifically, suppose two successive 
tests are conducted, and let the two tests l>e 
designated by “a" anil “b ” respectively. Simi- 
larity then requires that tiie pressure ratio will 
be the same in each test, at con-vsimnding 
l>ositions and times given by 


(P.)' 


//> > I/:. 

k -W.)T ' 


(ff.):/’ 4 * ( ,J ' 


(4-42) 


(4-43) 


Several conclusions may be inferred from these 
scaling laws. Dividing the first equation by the 
second gives 

K . A', 

I-.)-- r 

Suppose, for example, that test “I/' is conducted 
and Unit test “a” is then conducted under the 
same ambient temperature conditions; the 
scaling law reduces to 

t. ~ t* 

This equation states that i f the pressure ratio 
P/P is observed at distance At from explosion 
“ b " at time h. then the some pressure ratio 
would bo observed at distance R, from expjusion 
“si" at time t,- Since It is the distance the pres- 
sure wave travels in time t, R/t is the speed 
of the wave. Thus, waves from two different 
explosions travel at the same speed, provided 
the ambient temperature is the same In both 
cases. This would be expected from acoustic 
theory. 1 f the ambient temperatures are differ- 
ent iu tho two teats, we have 



where V has been written for R/t This equa- 
tion states that the speed of the wave varies 
directly os the square root of the absolute 


temperature. This is uDo in agi'^ raent with 
acoustic theory, which derives the fact that the 
speed of sound varies directly with the square 
root of the absolute temperature. 

These considerations show that the scaling 
taw, with respect to the speed of transmission, 
behaves correctly when the blast wave has 
moved sufficiently far from the source to be 
moving at a speed near the speed of sound. 
Conversely, the scaling law would be expected 
to be less reliable in the close vicinity of the 
explosion, where the blast wave is moving 
much faster than a sound wave. 

Returning to Eqs. 1-12 and 1- Iff, the rela- 
tionships are more clearly displayed by rewrit- 
ing the equations in the form 



Considering a numerical example, suppose 
an explosion “b” occurs which is caused by a 
charge of energy (or weight) under the 
ambient condition (P,) k and (0.) ; the pressure 
(P/P,) of this explosion is observed to occur 
at distance R, from the charge, at time (a X< . w, 
let an explosion “a" occur in which (as a nu- 
merical example) tile charge is three times ns 
great, the ambient pressure is one-half, and 
the ambient absolute temperature is eighty per 
cent of the value of test “b”. Then the prot- 
au re ratio (P/P.) will be numerically the same 
at the distance ratio 



(2)*"(3)'« ■ 1.82 


and at the time ratio 


/ l \ /i y/* 

v-)-U) «*• 

Thus (for example) if (P 4 ) k is 115 pounds per 
square inch and (P) .. ia 18 pounds per square 

inch, and If tho ratio ^ ~ » 1.2 is 

observed to occur at a distance Jf» “ 6,000 feet. 
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at time t* « 6 seconds after the explosion: then 
the same pressure ratio will be observed in the 
V explosion at a distance of 

ft. * 1.82 (6,000) = 10,900 feet 

at a time after “a” explosion of 

t, - 2.04 (5) - 10.2 seconds. 

In order that the pressure ratio be the same, 
the actual pressure in the "a” explosion ob- 
served at Rt.t„ is 

In the statement of the. problem, it was given 
that P. t = — P, t - 7.5 pounds per sauare inch. 

Expressed numerically, therefore, the result is 

P. = 1.2 (7.5) = 9.0 pounds per square inch. 

To consider another example, let the ambient 
temperature be the same in both cases. This 
moans that the speed of wave transmission is 
the same at the scaled distance, ft«. as it is at 
the reference distance, ft*. The direction of the 
positive Cor negative) phase of pressure will, 
therefore, be the same in both explosions. In 
this case, the impulse computed at the scaled 
distance ft. is related to the impulse at the 
reference distance ft* by the relation. 


‘-GJ 


for the same ambient temperature and pres- 
sure. (The impulse is the excess pressure inte- 
grated over the time interval of positive pres- 
sure duration.) 

If both ambient pressure and temperature 
arc different in the "a” and "b” explosions, an 
expression for / can be developed from the 
first principles. Since impulse is an integrated 
phenomenon, it does not explicitly depend on 
the time, and the functional relation may be 
written 

, I-f (P»E.,8Jt) 

where all independent variables have been de- 
fined, and impulse is defined as the integral of 
j.rfSt.n- over a time interval. Its units are, 
therefore, iriven by, ML-' T'\ Proceeding in the 


manner previously discussed, dimensional 
homogeneity requires that 

1 { E ‘ \ 

P. ft r \P.ll‘J 

and there are two non-dimensional groupings. 
A more useful set is obtained by using the cube 
root of the parameter E,/P<.R\ and by then 
eliminating ft from the other paramet-r. The 
final result may be expressed as 

1(8.)'-’ - //».■ \ 

P. J ’*E.'* \ E.' ‘V 

p in 

in which it is seen that ‘he parameter — R 

is retained in the same form as in th** previous 
formula. Impulse scaling, therefore, requires 
that 

mww 

P,V- 

for a given value of — ft. In this formula, as 
* E."' 

before, “a” and "b” denote two different ex- 
plosions. 

By virtue of the assumptions made in the de- 
rivation of the scaling laws, they should be 
equally applicable to nuclear explosions as well 
as to chemical explosions. Numerous experi- 
ments have verified that this is true, at least 
approximately. Further discussion of scaling 
of the type discussed herein is given in Refs. L 
and 20. 

Information of a somewhat different nature 
may also be obtained from the scaling law, Eq. 
4-41. For example, if the interest is in the peak 
pressure, time is not a parameter of the prob- 
lem, and the scaling law reduces to 


J/M- " 
» R 


(M7) 


where P m is the peak pressure observed at a 
particular radius ft. 

The scaling law given in Ref. 17 states, that 
the pressure ratio (P„/P.) will be observed to 
have the same value for any explosion in which 


the dimensionless parameter, 


•(£) 


ft, has 
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the same value. Obviously, then, for a given 
ambient pressure and charge, P m will vary with 
R. Dimensional considerations alone will not 
establish this functional relationship; however, 
dimensional considerations may be used to gen- 
eralise an experiment in the following way. 

Suppose that a charge is exploded and that 
the peak pressure is measured at a set of sta- 
tions at varying distances from the charge. If 
an empirical equation is deduced from cor- 
responding P n and R data, dimensional homo- 

/ p * V" 

geneity requires (P./P.) and I “ j R to be 

the parameters of the problem. As an example, 
if an empirical law of the form 


P„ =*/**" 

(where A is a known numerical constant) fits 
the data of the particular test, dimensional 
homogeneity permits the equation to be written, 





where Ki is a non-dimensional constant to be 
determined. Evaluating P. and E, in this last 
equation for the conditions of the test, write 

P m =K t K./R 

where K% L> a known numerical value given by 


r 1 

K ""i.(¥r test conditions 


Thai, from the two equations for P m 


K=K t K,. , 


From this is obtained 


K^K/K, 

in which K and K, are known. The generalized 
equation may then be written as 



where K, is now a known non-dimensional con- 
stant This equation may now be used for 
various conditions of P, and E„ and it is seen 


that dimensionrl considerations have permitted 
a useiul generalization of a single test 

In spite of the greet utility of the Sachs 
scaling laws, it should not be inferred that all 
blast phenomena can be predicted from them. 
It has been shown that their derivation is based 
on simple assumptions that neglect the finite 
burning time of a finite size charge, thi possi- 
bility of secondary shock waves (which are 
known to exist), and numerous other effects 
that are most pronounced in the vicinity of the 
charge. From these considerations, one would 
not expect perfect scaling in all cases. How- 
ever, it is an established experimental fact that 
the laws are remarkably accurate for a great 
many practical predictions. 

4-2.5. (Ill Meets of Eaviremaeat ar. blast 
Wave Psrsw a ts r a far Nuclear 
Expletives 

4-2. 5.1. Effects at At Htwir, 

The relations between overpressure, distance, 
and time that describe the propagation of a 
blast wave in air depend upon the ambient at- 
mospheric conditions, which vary with altitude. 
In discussing the effects of altitude on blast 
phenomena, two cases will be considered: the 
point of burst and the target are at the same 
altitude; and the point of burst and the target 
are at different altitudes. 

For a surface burst (the first case), the peak 
overpressures at a given distance from the ex- 
plosion will depend on the ambient atmospheric 
pressure. This wiil vary with the height above 
sea level of the surface at the point of burst 
With increasing altitude of both target and 
bunt point, the overpressure at a given dis- 
tance from ground zero will decrease. Cor- 
respondingly, an increase may be expected in 
the arrival time of the shock front and in the 
duration of the positive phase: 

The effect when the bunt and the target ire 
at different altitudes is considerably more com- 
plex. Since the blast wave is influenced by any 
changes in air temperature and the pressure of 
the atmosphere through which it travels, varia- 
tions occur in the pressure-distance relationship 
at the surface. Within the range of significant 
damaging overpressures, these variations are 
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.'jjj.il! i: !):«• i-tn ivy > it.-M of the weapon is low. 
1 1. 1 -.\ . r. ! i »•”■*• W(';i|mus, where the blast 
wav,- 1 r.ix.-i, j-ver apnm iably longer distances, 
<d"n:!-.ant vjd iatiuu- may Of 'V|>.cted. Tn order 
i<> make piocise calculations, a detailed knowl- 
• tlv:p nf the "H thr .lay of detona- 

tion v.v.n;d be nteessarv (Ref. 1). For a 
vi.viiu.Miieal .i -cussion the efforts of alli- 
Ui- reft r (. i ':*»■. J 1. 1. 

4-2.S.2. Fffeeti of Topography 

I . iiili> . nd 'em* i » b«>ifi increase 

aim rease air bla-t effects, iic<>emicnt on the 

ror. The increa devionse of peak 

•verjnosjiure values s.ciu- ••• depend on the 
i ".Jinge in «h'pe of the Lard m;»~ : rom the hori- 
••• T al. Oi. vo furvam - n f very' steep 

«l.-j — there may Ik: a “Harp increase of peak 
iKcipressiiiv < up to a i.w of two), for a 
M.ort duia:i>*»i, as a result of the reflection 
t- voces ' A i c ’.action in peak overpressure may 
be expected on tin- reverse side of very steep 
■loir -. In y.jinul, ’he variation in peak over- 
pres«- ivc at any point on a hill, from that ex- 
pected if the hill were not present, depends on 
the site c.f the hill and it- orientation with 
gi-m.tid *eri>. The effects of terrain are not 
■•v-vcted to Iv a sigr.iticaii' factor in the dam* 
age cause'! to many types of «trurti»res, be- 
cause the time ir.*enrat in which the pressure 
increases or decriMaes is short compared with 
the duration of the positive pressure phase. 

It •• e.co important to emphasize that blast 
effects art- no' dependent upon !lne-«f-*ight con- 
siderations. Tit** fuel that Hi- point of explo- 
sion cannot be ?•••« from b-diimt an obstruction 
by no means implies that the blast wave cannot 
be felt. Blast waves can easily diffract (bend) 
around apparent distractions. 

The departure from idolized or flat terrain 
presented by a t*y complex may l«e considered 
as on aspect «.f topogTnpny. It is to be expected 
tha' the juvsvii. •• of manv closely grouped 
buildings will cause local changes in the blast 
wave and, in particular. • Hy "Trie pressure. 
Although some shivl«nx .os. *rv .; at certain 
points hecauie of intervenm, object* nud struc- 
tures, in other ;u'.u» multiple reflections be- 
tween buildings. and chann.d’ov caused by 
streets, may tend i*» s< Mialb" incre..se the over- 
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pressure and dynamic pressure. On the" whole, 
it is expected that the local increases in dam- 
age will largely offset the local decreases in 
damage, and the resulting effect of structural 
protection wilt be relatively smt.11 (Ref. 1). 

4-2.S.3. Cffoctt of Strfoct Conditions 

For a given height of burst and energy yield, 
variations in the blast wave characteristics will 
occur which are caused by the type of surface 
over which the weapon is detonated. A certain 
amount of energy loss will occur for low air or 
surface bursts where a shock wave is produced 
in the ground. For air bursts, the nature of the 
reflecting surface can affect the pressure- 
distance relationship and the development and 
growth of the Mach stem. These mechanical 
effects on the bla>' wave, h .never, arc rather 
small, and have lime influence <>n the damage- 
producing charar (eristics of the blast phe- 
nomena. 

Particulate matter, such as rocks, boulders, 
etc., picked up amt carried along bv the blast 
front, may cause additional damage to ihe tar- 
get. These objects do not w.vssnrily affect the 
overpressures at the wave front, although in 
extremely dusty areas, enough f. .reign matter 
may be present to affect the dynamic prc-<.ure 
to a certain degree. The end effect on the tar- 
get would, hov*"er, be of little consequence. 

If the explosion occurs modemtclv near the 
surface, some of the energy is transferred into 
the ground. As a result, a minor oscillation of 
the surface is experienced and a mild ground- 
shock wave is produced. The pressure acting on 
the earth's surface is transmitted downward, 
with the principal stress in the soil being nearly 
vertical and approximately equat in magnitude 
to the air blast overpressure. For relatively 
high air bursts, where large blast pressures do 
not occur at ground zero, the effects of ground 
shock will be negligible. In the case of a sur- 
face burst where cratering occurs, the situation 
is quite different (Ref. I). Cratering is dis- 
cussed in Par. 4-3.3. 1 , following. 

4-2.1 .4. Effects of MofooroJofleol Conditions 

Mois*”re in the air and air temperatures are 
considered here in terms of their effects on 
blast. Although the presence of large amounts 
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of moisture in the atmosphere may er the 
properties of a blast wave in the low o\ res- 
■ure regions, the probability of enm: -ring 
proportions of water vapor signitican enough 
to influence the amount of damage is consid- 
ered to be quite sma'L 

Differences in tv— --ratur* of the atm..s- 
pheric layers have l>»— r. noted as causing some 
interesting blast et’- • ts Window breakage, 
light structural dnntage. and noise hate been 
experienced at distances ,~eat enough so that 
these effects a ere n^i expected, under suitable 
meteorological comiitiotut. These phenomena 
are caused 1< he atmosphere bending the blast 
waves back , earth, m one of several ways. 

if there is .1 decrease in air temperature at 
increasing distance from the ground, such as 
usually occurs in ’ he daytime, combined with a 
wind whose velocity increases at a rate of more 
than three mile? (>er K-ur for each 1,000-foot 
increase in attitude, the blast wave will be re- 
flected back to the ground before it has risen 
more than a few thousand feet. When the con- 
ditions are such that several shock rays con- 
verge at one location, the blast energy concen- 
trated at this position is greatly intensified. 
Under usual atmospheric conditions the direct 
striking focus is limited to a distance of about 
eight or ten miles from the explosion; but 
under these conditions, tne blast energy may be 
refocused and cause damage at much greater 
distances. 

A similar enhancement of pressure end noise 
has occurred at even greater distances from 
large explosions. This has been attributed to 
downward refraction and focusing of the shock 
rays by a layer of relatively warm air. The 
warm air layer is generally referred to as the 
ozonosphere, and is situated at a height of from 
26 to 40 miles. Repeated reflection by the 
ground and refraction by the ozonosphtre, 
causes the shock pattern to be repeated at in- 
tervals, thus greatly extending the effective 
radius of the shock wave (Ref. 1). 

4-2.4. (S) Freseetatlea ef Nuclear Hast Data 

4-24.1, H» Oeaersi 

This paragraph provides representative ex- 
amples of nuclear-blast, reference-data graphs. 


such as are used *0 estimate the damage which 
might be expected to occur at a particular 
range from a given explosion. From graphs 
and curves such as these, the values of blast 
wave properties at the surface can be calcu- 
lated, and the results can be used to determine 
the loading and response of a certain target 
(Ref. 21). 

The graphs (Figs. 4-12 through 4-15) pre- 
sent the properties of the blast wave for a one- 
kiloton nuclear explosion in free air, at stand- 
ard atmospheric conditions, us a function of 
slant range. Instructions are provided for the 
use of each figure, and an example is given to 
illustrate their use. 

Reference should be made to TM 23-200 (Ref. 
21), which provides comprehensive, graphic 
coverage of the significant nuclear blast wave 
properties. 

In addition. Far, 4-2.6.6., following, presents 
a discussion of scaling between high-explosive 
(Fentolite) and nuclear explosions. 


4-2, U. (Cl lastrsctiMi for Using Fig, 4-12, 
Tim of Arrival ef Shock front 

a. Scaling Procedure 

To calculate the distance and 'ime of shock 
arrival far a yield other than 1 KT, use the 
following scaling: 

R\v»_d t 

t. WV /, “d, 

where <,=time of arrival of shock front from 
explosion of yield WJCT at range d,, and t,= 
time of arrival of shock front from explosion 
of Wi KT at range d,. 

b. Example 

Given : A 100-KT bunt in free air. 

Find: The time of arrival of the shock 

front at 40,000 feet 

Solution: The corresponding distance for 1 
KT U, 


d t = 


dt X 40,000 X 1 


=8,600 feet 


WV'* (100' 1 '* 

From Fig. 4-12, the time of arrival t, lor a 1 
KT burst at 8,600 feet is 7 seconds. Thus, the 
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tine of Arrival of the ihock front from a 100 
KT detonation at a distance of 40,000 feet is. 

, _W, U> X fi <100) l/ * X 7 

*** W^> ~ 1 

“32.5 (±4.8) seconds, 
c. Reliability 

Times of arrival obtained from this curve are 
considered to be reliable to ±15 per cent (0.1 
KT to 100 SIT). 

4-U3. (Cl loitreetlou tor Utkg Fig. 4-13. 
Foot Overpressure 

a Staling Procedure 

This curve may be used to predict incident 
pressures near the surface, from air bursts oc- 


curring at heights up to 40,000 feet To calcu- 
late the distance to which a given overpressure 
extends for yields other than 1 KT, use the 
following scaling: 

<f, _ WV" 

d,~ W a >'» 

where d,= distance at which a given overpres- 
sure occurs from an explosion of yield W, KT, 
and </-,= distance at which the same overpres- 
sure occurs for an explosion of yield W , KT. 
This scaling is often referred to as “cube root” 
scaling. 
b. Example 

Given : A 100-KT detonation in free air. 



1,000 


*&>0 

SLANT RANGE (It) 


Figure 4-1 3 [Cl. Timeol Arrival of Shock heel vt Sled tenge, fere 1-KT Yield 
In a Hemogentow See level Atmosphere tUI 
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DURATION fiac) 



44M (C) JastmcfJoaa for Using fig. 4-14, 
Dereti m o i rosttJve Frauere 
Mm 


a. Scaling Procedure 

To calculate the duration of a poaitive pres* 
sure phase, at any given distance, for a yield 
other than 1 KT, use the following scaling: 

where (,*= duration of the positive phase for 
yield W, KT at distance rf„ and t>*= duration of 
the positive phase for yield W t KT at distance 

b. Example 

Given : A 160-KT detonation in free air. 
Find: The positive phase duration at 

27,000 feet. 

Solution: 


WV / * X d. _ 1 X 27,000 
HV * * (160) 1,1 


« 5,000 feet 



a;: v* 

i 




which is the corresponding distance for 1 KT. 

From Fig. 4-14, t„ the duration of the posi- 
tive phase for 1 KT at 5,000 feet is 0.35 second. 
For 160 KT the duration is: 


, _ t,*x WV'» 0.35 X (160) 1/1 

r 

= 1.90 ( 1:0.57) seconds, 
c. Reliability 

Durations obtained from this curve are con- 
sidered to be reliable to ±30 per cent (0.1 KT 
to 20 MT). 


4-2A.S. {Cl Infmctlsn hr Uibf Af, 4.IJ, 
Peek Dynamic Pressure 
s Scaling Procedure 

To calculate the distance at which a given 
peak dynamic pressure extends for a yield 
other than 1 KT, use the following scaling: 

d» _ WV'* 
d,* HV' 1 



Figure 4-1 A (Cl. Duration of Poskito Pressure those vs Slant tango, lor a i-KT Yield 
In a free Air Homogeneous Sea lore! Atmosphere til) 
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when (^“distance to which * given dynamic 
pressure extends for yield \V„ and d»=disUnce 
to which the bame dynamic pressure extends 
for yield W t . 


b. E x am p i t 

Given: A 10O-KT detonation in free air. 
Find: The distance to which 10 psi dy- 

namic pressure extends. 



1,000 


zvooo 

SLANT RANG! (ft) 


figure 4—1 S (Cl. Foot Dynamic frutunn SbnUotgt, fort I rlCTYbU It a 
free Air Homogeneous Sea level Atmosphere Off 
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Solution: From Fig. 4— IB, 1 KT produces 10 
psi at a distance of 560 feet Hence, 

560 1 

— — — . and 

d, (100)^’ 

<f*=560 X (100) • /, =5C0 X (4.64) =2,590 feet 

e. Reliability 

Peak dynamic pressures obtained from this 
curve are considered to be reliable to *5 per 
cent for pressures greater than 2 psi, and to 
±:1Q per cent for pressures below 2 psi (0.1 KT 
to 100 MT). 

4-24.4. (S) Sealing tafwaaa Peetollte High 
Explosive aad Nuclear tint field* 
(Kef. 47) 

a. Background to the Development of Con- 
tortion Factor » for Pentolite and Nuclear 
Bluett 

Because air blast phenomena associated with 
the detonation of chemical high explosives were 
comparatively well understood before the first 
nucleAr explosion, it was convenient initially to 
compare blast data from nuclear explosions 
with those of conventional explosives, in par- 
ticular with TNT. Accordingly, such compari- 
sons were used to obtain estimates of the total 
energy yield for the first few nuclear explo- 
sions. By assuming a certain energy release 
upon detonation of a given weight of TNT, and 
scaling up existing TNT blast data to match 
the measured nuclear blast data, the nuclear 
yield was expressed in terms of the “equivalent 
weight” of TNT. This expression of the nuclear 
yield was not the total energy yield, but rather 
the blast energy yield. The comparisons of blast 
data wen made at pressure levels less than 20 
psi, where the rate of decay of peak overpres- 
sure with scaled distance is approximately the 
same for both TNT and nuclear explosions. 

Subsequently, other methods were developed 
to determine the total energy yield of a nuclear 
explosion, but this total energy yield was still 
expressed as equivalent to the energy released 
upon detonation of a given weight (in kilotons 
or megatons) of TNT. Expression of the total 
yield in this manner is not for the purpose of 
predicting the total yield of the weapon (based 
on blast measurements), or even of predicting 


the blast effects for nuclear weapons (based on 
the TNT prewure-diatance data), but is simply 
a convenient and easily understood way of ex- 
pressing a very large amount of energy. De- 
pendence on the pressure-distance relationship 
for TNT is no longer necessary, because blast 
measurements have now been made or, a large 
number of nuclear explosions, and independent 
pressure-distance relationships have been de- 
termined for nuclear explosions. This does not, 
however, rule out the use of high-explosive 
data to predict blast parameters for new or un- 
measured burst conditions. 

Because the widely-used nuclear pressure- 
distance curves are based on the total energy 
yield, scaling of blast parameters from small 
Pentolite charges to obtain blast parameters 
expected from nuclear explosions, must take 
into account the fact that not all of the nuclear 
yield goes into the blast wave. A further com- 
plication results from the fact that Pentolite 
(the explosive used in the tests described in 
the referenced report) is a more powerful ex- 
plosive than TNT, on an equal weight basis. 

b. Comparison of Preuure-DUtance Curvet 

Upon first examination of this scaling prob- 
lem, it would appear that if the percentage of 
the total nuclear energy yield which appeared 
as blast were known, then a simple adjustment 
of the total yield would allow scaling between 
TNT and nuclear explosions. Furthermore, 
known relationships between TNT and Pento- 
lite would permit the establishment of proper 
scaling factors for the latter explosive. How- 
ever, embodied in such an analysis is the as- 
sumption that the decay of peak overpressure 
with scaled distance is identical with all three 
types (TNT, Pentolite, and nuclear explosions), 
providing only that linear adjustments in scale 
are made. To test the efficacy of this assump- 
tion, reference is made to Fig. 4-16, which is a 
plot of the peak overpressure versus scaled dis- 
tance for a 1-KT nuclear device, and for 1-KT 
of Pentolite (50/50, PETN/TNT). The nuclear 
curve is the U.S. 1659 empirical free-air pres- 
sure-distance curve for 1 KT at sea level. The 
Pentolite curve is from compiled free-air blast 
data on bare spherical Pentolite. 

Comparing the two curves on Fig. 4-16, sev- 
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eral things are to be noted. First, close to the 
burst, the peak overpressures from the nuclear 
explosion are higner than those from the Pen- 
tolite explosion. Second, in the same region, 
the rate of decay of the peak over-pressure 
with distance is greater for the nuclear explo- 
sion than for the Pentolite explosion. Third, at 
the larger distances, the overpressures from 
the nuclear explosion are less than those from 
the Pentolite explosion, but the rate of decay 
with distance is approx i.nately the same. 

Therefore, while it is possible to infer some 
conversion factor representing the weight of a 
given conventional explosive which will produce 
the same value of peak overpressure (or any 
other blast parameter) as that produced by a 
nuclear explosive at the same scaled distance, 
it is clear that this conversion factor must be 
a function of the peak overpressure, because 


the pressure-distance curves are not similar. 
The conversion factors required for scaling 
from Pentolite explosions to nuclear explosions 
have been calculated for peak overpressures be- 
tween 5 Ib/sq in. and 1,000 Ib/sq in- 
(■ Method of Determining Contortion 
Factor i 

The procedure ussd to determine the H£-to- 
nuclear conversion factors makes use of the 
free-air, pressure-distance curves for Pentolite 
and nuclear explosions, and of the cube-root 
scaling laws. If a Pentolite charge of weight 
IV, is detonated, a given peak overpressure, P„ 
will occur at a certain scaled distance, Z, where 

Z =— — — (4-48) 

(»',)*'* 

and R r is the actual distance from the center of 
the Pentolite charge. If a nuclear explosion 
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TAILE 4-2 (S). BLAST YIELD (IN EQUIVALENT POUNDS OF 50/50 PENTOLITEI OF A 1-KT 
NUCLEAR YIELD, AS A FUNCTION OF PEAK OVERPRESSURE (Ul 


Peak 

Overpressure 

Level (psi) 

R. 

(ft) 

(ft) 

w. 

W, 

w. 

(lb of Pentolite) 

1000 

120 

117 

1.085 

2,170,000 

500 

155 

179 

0.655 

1.310,000 

250 

200 

262 

0.445 

890,000 

100 

283 

398 

0.357 

714,000 

30 

493 

662 

0.414 

828.000 

10 

848 

1086 

0.476 

952,000 

5 

1180 

1588 

0.411 

822,000 


produces the same peak overpressure at dis- 
tance R„ then the effective blast yield, \V„ may 
be found by 


R, _ *. 
<IV,)‘'>“(W’.)' 1 


(4-49) 


or 



(4-60) 


Values of R, for one kiloton of Pentolite, and 
of R. for a one-kiloton total nuclear yield, are 
taken from Fig. 4-16, and are shown in Table 
4-2, for overpressures between 5 lb/sq in. and 
1,000 lb/sq in. The ratio of the effective blast 
yield to the 1 kiloton of Pentolite (W m / W,) is 
calculated by means of Eq. 4-60, and is shown 
in Table 4-2. Also shown is the value of W. in 
pounds of PentoLte equivalent to the 1-kiloton 
nuclear yield. The relationship between the nu- 
clear blast effectiveness (WJ W,) and the peak 
overpressure is shown graphically in Fig. 4-17. 
Over the pressure range of 10 to 300 lb/sq in., 
which is the region ;f interest in the referenced , 
report, the nuclear blast effectiveness tvtniesy 
about 42 per cent 


4-4. (Cl SURFACE AND SUBSURFACR 
BURSTS 


4-3.1. (U) Si rlaee Bant 

For a considerable distance above the earth’s 
surface, air burst effects are significantly modi- 
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fied by the earth's surface. As the height of 
burst is lowered in this zone, there is a gradual 
transition from the characteristics of an air 
burst to those of a surface burst. 

A nuclear weapon burst at the earth’s sur- 
face follows the same sequence of events as 
does an air burst, except that the fireball 
boundary and the shock front are hemispheri- 
cal instead of spherical. For a contact surface 
burst there is no region of regular reflection; 
as a consequence, all objects on tr.e ground are 
subjected to a blast similar to ‘hat in the Mach 
region below the triple point for an air burst 
(Par. 4— £.2.6) . Therefore, for structures lo- 
cated near the ground, the shock front may be 
assumed to be essentially vertical and the tran- 
sient winds approximately parallel with the 
ground. Both overpressure (Par. 4-2.2. 1) and 
dynamic pressure (Par. 4-2.2.2) will decay in 
the same fashion as previously described for an 
air burst. 

When a burst takes place at the surface of 
the earth, a portion of the energy is directly 
transmitted to the earth in the form of ground 
shock (Par. 4-3.3.2). In addition, the air blast 
induces a ground shock wave. At shallow 
depths, this ground shock wave has approxi- 
mately the same magnitude as the air blast 
wave, for an equivalent distance. The directly 
transmitted ground shock, although initially of 
higher magnitude, attenuates faster than the 
air-blast induced ground shock. 
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In the vicinity of ground zero, tremendously 
large pressures are exerted on tlie earth’s sur- 
face, causing u downward compression of the 
soil and displacing material to form a crater 
(Par. 4-3.3. 1). In addition to the material 
thrown out by the blast, a considerable quantity 
of the soil is vaporized by the intense heat. 

Methods of predicting and analysing blast 
data from surface bursts are similar to those 
used for air bursts, in many respects. Refer- 
ence i», therefore, made to Par. 1-2.6, where 
number of representative reference-data graphs 
are presented and used as examples of the 
application of scaling laws for predicting blast 
data. In addition, reference should be made to 
TM 23-200 (Ref. 21) for a more comprehen- 
sive, graphic coverage. 

4-3.2 (U) Underground tursis from Ceaven- 
tioRot (Chemical) Explosions 

4-30.1. Introduction 

it was recognized during tire early part of 
World War II that very little experimental and 


unified knowledge existed which could explain 
tlio general phenomena of underground explo- 
sions. Under the sponsorship of the Ollicc of 
.Scientific Research and Development, an ex- 
perimental program was conducted iu an at- 
tempt to understand the parameters of the 
problem and to lay the ground work for future 
analytical work. A very significant portion uf 
the work was carried out under the general 
direction of Princeton University, with assist- 
ance from various Government and industrial 
organisations. 'Hie results of the research have 
been reported in a senes of OSRD reports 
which have been, fortunately, summarized In 
a final report by Lampson (Ref. 22), an un- 
classified document which is readily available. 
Lampson 's report presents an excellent descrip- 
tion of the work that was performed, both 
theoretical and experimental, including fairly 
detailed information on the instrumentation 
that was used to obtain the measurements. 

Because of the extreme variability of soils 
and their properties, and a general lack of 
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understanding of tJio phenomena involved, no 
theoretical methods existed which wore com- 
parable to those available for hydrodynamic 
studies in air and water. In fact, so many 
unknown factors were involved that a straight- 
forward dimensional analysis w’as not com- 
pletely possible, because dimensional considera- 
tions require considerable knowledge of the 
physical phenomena involved. Accordingly, 
Ref. 22 is primarily an attempt to understand 
the parameters and processes involved by 
means of empirical studies of numerous experi- 
ments. It should be remarked, however, that 
dimensional considerations were used where 
possible. 

For purposes of comparison it should be rec- 
ognized that the present problem is much more 
difficult than such problems as the study of 
wave propagation in elastic structures. There, 
the basic parameters of the problem, such as 
stress modulus of elasticity, Poisson's ratio, 
strain, etc., are fairly well understood. In fact, 
the basic differential equations can be written 
for the latter problem, at least approximately. 
Such is not the case for underground explo- 


4-3 .2.2 fxamfsolfoa of CoHalo Analytical 
Taekofgaos 

Certain features of Lampson’s report. Ref. 
22 wiil be examined in this paragraph, as rep- 
resentative of the significance of the work. 
Further information may be obtained from 
Ref. 22 and from the many original reports 
quoted as references therein. 

It was recognised early in the work that a 
significant parameter was cube root scaling 
(Par. 4-2.G.3, above). That is, it was found 
that under identical conditions (except for 
charge weight) peak pressures were accurately 
given for scaled distances, scaled according to 
the relation 


Hi)' 


(4-61) 


where a and b represent two different explo- 
sion.s,..md r and W are, respectively, the dis- 
tance from the explosion and the weight of 
explosive. 


The significance of this formula can be illus- 
trated by an example. Thus, if a given weight 
of explosive W k causes a peak pressure P to be 
observed at a distance of r t from the explosion, 
then (for example) an explosion with a charge 
weight twenty-seven times as great would pro- 
duce the same peak pressure P at a distance of 
r, = 3 r 4l - that is, at a distance three times as 
great. It is emphasized, however, that such 
conclusions are valid only if all other para- 
meters of the problem, such as type of soil, 
moisture content, scaled distance below surface, 
etc., are held constant. 

Further experimentation, descrit 'd in Ref. 
22, disclosed th it certain other parameters were 
important in various different t >ts. A partial 
list of these parameters includes : 

A-=a soil constant which depends on the soil 
type, related to the modulus of elasticity 
of the soil, 

IF=charge weight, 

E = explosive factor for pressure, 
J?'=explosive factor for impulse, 
p=soil density, 

V = speed of propagation of pressure waves, 
F=a parameter which depends on the depth 
of burial of the charge, 
and 

B- an impulse parameter which depends on 
the soil type. 

It was one of the aims of the study to fit empiri- 
cal equations to the results of the tests in order 
to determine the responses to the independent 
parameters. The empirical analyses were high- 
ly successful, and formulas were derived for 
predicting the responses of interest, including: 
P=peak p..’ sure in free earth, 

P,=peak pressure against a target, including 
the effect of reflection, 

I = impulse in free earth, 

Lt - impulse against a target, including the 
effect of reflection, 

u= maximum speed of displaced particles, 

A — maximum acceleration of displaced par- 
ticles, 

i— maximum transient displacement, 
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dp = maximum permanent earth movement, 
and 

Crater radius = surface radius of crater. 
These results are presented in Ref. 22 in the 
form of equations and charts. 

One of the most significant aspects of blast 
wave transmission in earth is the fact th^t 
shock waves (characterized as waves of steep 
slope approaching a pressure discontinuity) are 
impossible, because of the characteristics of the 
dynamic stress-strain curve for earth. (Rock, 
as distinguished from earth or soil, was not 
considered in Ref. 22.) 

In connection with the formation of shock 
waves in air it was previously discussed (Par. 
4-2.3, above) that a material which exhibits a 
linear stress-strain curve transmits its pressure 
waves unchanged in form. If the particle 
velocity is independent of pressure and is, 
therefore, constant as in acoustic theory, each 
element of the wave front travels at the same 
speed and the wave retains its form. In the 
nonlinear theory, the particle speed increases 
with increasing slope of the stress-strain curve. 
If the stress-strain curve is concave upward, 
then particle velocity increases with pressure 
and the particles at the crest of the wave 
(where the pressure is higher) move faster 
than the particles at the base. This causes a 
steepening of the front face of the wave, and a 
shock wave develops, as in explosions in air or 
water. In the case of soil, however, the stress- 
strain curve is concave downward during com- 
pression. This means that the particle velocity, 
since it depends directly on the curve slope, is 
lower at the wave crest where the pressure i" 
greatest. This causes the crest to be retarded, 
and the entire wave spreads out as it is propa- 
gated through the soil. Further, since the un- 
loading (decreasing stress) curve is concave 
upward, there is a considerable energy loss 
(hysteresis effect) associated with each com- 
pression and expansion. Accordingly, the pres- 
sure wave is less energetic than a shock wave, 
and it loses its energy faster than elastic theory 
predicts 'or a spherical wave. A typical stress- 
strain curve for soil is shown in Fig. 4-18. 

Because the speed of wave transmission de- 


pends directly on the slope of the curve, it is 
seen to be a variable, as described above. The 
slope at a given point is the modulus of 
elasticity; hence, the speed of sound increases 
with modulus of elasticity. To compare an order 
of magnitude, a typical silty soil has a secant 
modulus (average value) of about 50,000 
pounds per square inch, but steel ( for example) 
has a modulus of about 30.000,000, or 600 times 
as great. For free soil explosions it was found 
that the peak pressure could be expressed quite 
adequately by an empirical formula of the form 

/>=k('_L.Y , =A:— (4-52) 

yW'-’J r 1 

where K is a soil parameter related to the 
modulus of elasticity of the soil. ( Experimental 
values of K are given in Ref. 22.) In consider- 
ing this, and other equations, it is helpful to 
recall that although dimensional considp ations 
will show that P/K depends or r/W u: , the 
exact functional form can be determined only 
by experiment, or theory (if one exists for the 
problem under consideration). It should also 
be recalled that, in the discussion of scaling 
laws in the present text (Par. 4-2.4.4.), it was 
shown that a non-dimensional grouping was 
P. l ' s r 

, where P, i3 some ambient pressure and 

E. x/ * 

E, is the energy of the explosive. In the present 
connection, however, if E. is interpreted as 
weight (because weight of explosive is propor- 
tional to energy' content, and P„ is considered 



Figure 4-1 1. Typical Shaa-S train Curve for Soil 
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tiw<! i, ')>c dim. nsmnim form reduces t«* 
for pri'MHil.ttion of empirical data. 

T.i consider th<; great variations U.iit u;.iy.. : 
••cur in A’, awl hence in /’. data included as 
I *art of Ref. 22 shows that A' varies from sev- 
era} hundred fo over one hundred thousand, n 
factor <f more than one hi; dn-i. It is remark- 
able that the empirical f> :m: ,a fits all condi- 
tions so :>r It is drown in Ref. 11 that 
K is relah . 10 the modi:! ; .>!' elasticity. as al- 
re- y meniune In to within 2S r-er rent 
•* va.- found th.rt weak soiii;-; waves 
v re transmitted at a speed given by 



• her. !-• the der.aitv. With iliis expression it 
was nossihle ■ corn :. *e the K vain- for a wide 
of mm.. 'Sms giving .,n sw:;- -ion that 
the yen ml sn.ti, • of stress-strain - e is simi- 
lar .’•a vnie variety of soils. 

WJ, (C) U — ir gr a m id lanft tram Naclear 
4-3.il. C rt rt vr iw Q 

a. Cmm* runt Clut rarler ul ict 

Land enters are pit -. depressions, or cavities 
formen in the nn-'ace of the earth by vaporiz- 
ing. th-owiny. compressing, or scouring the 
s"il in an outward direction from a nuclear 

filiation. I’sually they are further charac- 
te;T 2 eii as to being apparent or thie craters. 
The apparent -nter is the visible crater re- 
main:".!; after b detonation; the true crater is 
the crater excluding fallback material. The true 
mater U bounded by a surface representing 
that limiting distance from the explosion at 
which the original mater-.ai surrounding the 
.i PI >. :«nt crater was completely disassociated 
from the underlying material. The ensuing dis- 
cussion of craters resulting from underground 
bursts assumes weapons with no air space 
surrounding them, burst under a horizontal 
ground surface plane, in locations that have 
been completely backfilled and tamped. Fig. 
4-19 shows schematically the dimensions used 
in describing a crater (Ref. 21). 

The fallback zone is the zone between the 


trde u and apparent craters, as defined -above. It :* 
contains both disassociated matefiaT that- has " 
fallen back into the crater, and disassociated 
materiel that received insufficient energy to be 
thrown out of the crater. There is usually in- 
significant fallback in craters from air or sur- 
face bursts, or bursts at depths less than 25 
W' ,/4 feet (where W is yield in KT). Conse- 
quently, there is little difference between ap- 
parent and true craters from such bursts. 

The crater radius is the average crater radius 
as measured at the original ground surface. It 
scales as the cube root of the yield. The crater 
depth is the maximum , depth of the crater as 
measured from the original ground surface. It 
scales as the fourth root of the yield. Esti- 
mated crater radii and depths are given in Figs. 
4-20 and 4-21 as functions of burst height and 
depth for 1 KT. Figs. 4-22 through 4-25 are 
derived from Figs. 4-20 and 4-21. and present 
expected crater diameters and depths as func- 
tions of yield for specific burst canditions. All 
figures are directly applicable to dry soil or soft 
rock (rock that crumbles easily). For other 
types of soil or rock, crater dimensions may be 
estimated by multiplying the dimensions taken 
from Figs. 4-22 through 4-25 by the appro- 
priate factors given in the instruction para- 
graphs for these figures. 

The tip of the crater is formed both by fall- 
back and by the rupture of the soil surrounding 
the e rater. For a deep underground burst, the 
resulting crater lip is formed primarily from 
fallback. For a shallow underground or surface 
burst, the crater lip is formed primarily by the 
shearing of the ground nearest the burst and 
its subsequent piling up against the soil farther 
away from the crater. The approximate rela- 
tive dimensions of the crater lip resulting from 
a surface burst are indicated in Fig. 4-19. 

The rupture zone is characterized by extreme 
cracking. This zone surrounds the true crater, 
and at the ground surface extends outward 
approximately 1.5 times the apparent crater. 
However, for bursts at large-scale depths, the 
zone at the ground surface extends outward 
only slightly beyond the true crater. When an 
explosion occurs in rock, it disturbs the rock 
in the rupture zone by causing surface scabbing 
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of local areas, by opening pre-existing cracks, 
and by developing new fractures that tend to be 
radial from the point of burst. The rupture 
zone in sand may be difficult to define or may 
be nonexistent. 

In the plastic zone the soil is permanently 
displaced, but is without visible rupture. This 
zone surrounds the rupture zone and may ex- 
tend outward at the ground surface approxi- 
mately three times the apparent crater radius. 
Even for bursts at large-scale depths, where 
there is an appreciable difference between the 
true and apparent crater dimensions, the 
plastic zone will extend considerably beyond the 


true crater at the surface. In rock, little or no 
plastic deformation occurs. 

At a height of burst less than about 10 W U1 
feet, the expanding gases from a nuclear deto- 
nation form a land crater primarily by vapor- 
izing, and by throwing and compressing the 
soil in an outward direction from the detona- 
tion. As the height of burst decreases from 
about 10 W' : ' feet, or the depth of burst in- 
creases, the crater radius continues to increase 
appreciably. This increase continues until a 
depth of burst of about 25 W 1 '* feet is reached. 
Below this depth, however, the apparent crater 
radius increases only slightly with increasing 


CRATER PROFILE 
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depth of bunt Below a burst depth of approxi- 
mately 70 IP'* feet, the apparent enter radius 
decreases with increasing depth of bunt 

Ai the height of burst is lowered from about 
10 IK 1 " feet or the depth of burst is increased, 
the crater depth increases appreciably with in- 
creasing depth of burst until a. burst depth of 
approximately 60 W l/t feet is reached. Below 
this, the apparent crater depth increases but 
slightly with increasing depth of burst until 
a depth of burst of about 90 W wt feet is 
reached. Below this depth of burst the fallback 
material may form a crater with an apparent 
depth leu than the depth of burst The true 
depth of the crater, however, remains greater 
than the depth of burst, by a constant value of 
approximately 57 W' !I feet, when the depth of 
burst is below about 60 IF 1 '* feet. 

For bursts at heights greater than about 
10 JF 1 ' 1 feet, the mechanism of cratering is pri- 
marily compression and scouring of soil. As 
indicated in Fig. 4-20, the crater radius in- 
creases for burnt heights above 20 IF 1 '* feet, 
reaching a maximum at about 60 W u> feet. 
This results in a crossover of the 50-. 100-, and 
300-foot burst-height curves of Figs. 4-22 and 
4-23. This increase in radius is not considered 
significant, however, because the crater depth 
decreases very rapidly, with increasing height 
of burst, to relatively smali values in the range 
of crossover. For bvnts at heights above about 
60 W x/ \ the crater may be difficult to detect 

Crater dimensions are not expected to change 
materially with ground slope, except for very 
steep terrain. On very steep slopes, enters will 
be somewhat elliptical in shape, with the down- 
hill Up considerably wider than the uphill lip. 
The crater depth, with respect to the surface 
plane of the terrain involved, is not expected to 
be appreciably different from that of a burst 
under horizontal terrain conditions. 

k butructloMs for Using rig . 4-20, Crater 
laUw m Buret Petit !* m 

(1) Description 

Fig. 4-20 gives the estimated apparent and 
true crater radius as a function of bunt posi- 
tion, for 1-KT bunts in dry soil or soft rock. 
For other soils, multiplication factor* should 
be used as follows; 


Soil Type Factor 

Hard rock (granite and sandstone) 0.8 *• 

Saturated toil (water slowly Alls v 

crater) 1.6 

Saturated soil (water rapidly Alls 
crater) • 2.0 


*Only for apparent craters with 
sloughing or washing action on the 
crater sides. 


(2) Sealing Procedure 

The following relation can be used to estimate 
corresponding crater radii for a given burst 
yield an:* depth: 

d,_ Wft* a, 

where d,= crater radius produced by a yield IF, 
at burst height or depth A„ and d,=crater 
radius produced by a yield *F, at burst height or 
depth A,. 

(3) Example 

Given : An 80-KT Hirst at a depth of 50 
feet, in dry. l. 

Find : The apparent crater radius. 

Solution; The burst depth for 1 KT is: 


50X1 

'(80) 


12 feet. 


From Fig. 4-20 the apparent crater radius 
(and also the true crater radius) for 1 KT is 
93 feet Hence, the crater radius for 80 KT is: 


d. 


93 X (80) l/ * 


=400 (.-tl20) feet 


(4) Reliability 

The reliability of crater radii values obtained 
from Fig. 4-20 is estimated to be ±30 per cent 
for burst heights of 5 W x/ * feet to bunt depths 
of 65 JF 1 " feet for all yields above 1 KT. For 
other bunt conditions the reliability is esti- 
mated to be ±40 per cent 

C, Instructions for Uting Fig. 4—21, 

Crotor Depth w Burst Position 

(1) Description 

Fig. 4-21 gives the estimated apparent and 
true enter depth as a function of bunt position 
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in dry soil or soft rock. Multiplication factors 
for other soils are as follows : 

Soil Type Factor 

Hard rock (granite and sandstone) 0.8 

Saturated soil (water slowly fills 
crater) 1.5 

Saturated soil (water rapidly fills 
crater) * 0.7 

•Only for apparent craters with 
sloughing or washing action on the 
crater sides. 

(2) Scaling Procedure 
For yields other than I XT, the following 
relations can be used to estimate corresponding 
crater depths for a given burst yield and depth : 


depth produced by a yield W t at burst height or 
depth A,. 

(3) Example 

Given: An 80-KT burst at a depth of 60 
feet, in the wet sand of an ocean 
beach where water will rapidly fill 
the crater. 

FinU: Apparent crater depth. 

Solution: Corresponding burst depth for 1 
KT is: 


60 X l 
(80) »'* 


= 12 feet. 


From Fig. 4-21 the crater depth for 1 KT at 
12 feet =37 feet 

C ater depth (d,) for 80 KT at 50 feet= 


_ HV' 1 . d, _ 
A a “nV'* “ d rf, IF,*'* 


3? X (80)*'* 
1 


= 111 feet. 


where d,= crater depth produced by a yield W, From the soil type table, above, the factor for 
at bunt height or depth A„ and d-= crater relative crater depth in saturated soil (where 



Figure 4-20 (C). Crater ladJu* vi I writ Position, in Dry Soil or Soft Hoc k, 
SnM to 1-K7 (W 
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water rapid lv fUU crater) is 0.7. The crater 
depth is, fere: 


<*) 


0.7 X 111=78 (±39) feet. 
L* ability 


The reliability of crater depths taken from 
Fig. 4-21 is estimated to be ±50 per cent for 
ill yields i.nd burst positions. 

<L Instructions for Using Figs. 4-22 nnd 
4—23, .'pparent Crater Diameter N Yield 
(1) Description 

Figs. 4-22 and 4-23 give values of apparent 


crater diameter va yield for various depths and 
heights of burst, derived by scaling from Fig. 
4-20. No interpolation of depth or height of 
burst should be made for this figure. For 
values other than those given, use Fig. 4-20. 
Since there is little difference between true and 
apparent crater diameters from bursts at 
depths less than 25 W h4 feet, or from above- 
ground bursts, these figures may be used also 
for true craters in that range. The assumed 
soil type in dry soil or soft rock ( rock that wilt 
crumble or fall apart easily). For other soils, 
the diameter obtained from Figs. 4-22 or 4-23 


iso 



iSSKI 


eiss 13323? 


•O SO 40 SO 0 SO 40 SO SO 100 ISO 140 ISO ISO S00 ISO 240 2*0 210 S00 120 S40 


HEIGHT OF « 
BURST id) 3 


DEPTH OF BURST (ft) 


Wgors 4-2 1 fCJ. Crater Depth « Burst Position, in Dry Soil or Soft lock. 
Sealed to l-KT IU) 
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should be multiplied by the relative crater 

dimension factor, as follows : 

Soil Type Factor 

Hard rock (granite and sandstone) 0.8 

Saturated soil (water slowly fills 
crater) 1.5 

Saturated soil (water rapidly fills 
crater) • 2.0 

•Only for apparent craters with 
sloughing or washing action on the 
crater sides. 


for all yields above 1 KT. For other burst con- 
ditions, the reliability is estimated to be ±40 
per cent. 

e. Instruction* for Using Fig*. 4—24 and 
4—2.1, Apparent Crater Depth vt Yield 

(1) Description 

Figs. 4-24 and 4-25 give values for apparent 
crater depth vs yield for various depths and 
heights of burst, derived from Fig. 4-21 by 
scaling. N'o interpolation of depth or height of 
burst should be made from this figure. For 
values other than those given, use Fig. 4-21. 


(2) Example 

Given: A 30-KT burst at a depth of 100 

feet, in dry clay. 

Find: The apparent crater diameter. 

Solution: The apparent diameter, taken 
directly from the 100-foot-depth- 
of-burst curve of Fig. 4-22 for 30 
KT is 750 (±225) feet. 

(3) Reliability 

The reliability of crater diameters obtained 
from Figs. 4-22 and 4-23 for various yields is 
estimated to be ±30 per cent, for burst heights 
of 5 W'** feet to burst depths of 65 W' fi feet, 


Since there is little difference between true and 
apparent crater depths from bursts above 
ground -> r bursts at depths less than 10 W’ J 
feet, these figures may be used also for true 
craters in that range. The assumed soil type 
is dry soil or soft rock (rock that will crumble 
or pull apart easily). For other types of soil 
and rock, the depth obtained from Figs. 4-24 
and 4-25 should be multiplied by the appropri- 
ate relative crater depth factor below: 

Soil Type Factor 

Hard rock (granite and sandstone) 0.8 
Saturated soil (water slowly fills 
crater) 1.5 


U i m hh — mw w a n mwiiw i w w—i — 
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Soil Type Factor 

Saturated soil (water rapidly fills 
crater) * 0.7 

•Only for apparent craters with a 
sloughing or washing action on 
the crater sides. 

(2) Example 

Given: An 80-KT burst at a depth of 100 

feet, in saturated clay containing 


water that will slowly fill the 
crater. 

Find: The apparent crater depth. 

Solution: From Fig. 4-24 the crater depth 
in dry soil is 158 feet. From the 
soil type table, above, the factor 
for relative crater depth in satu- 
rated soil ( water slowly fills cra- 
ter) is 1.5. The crater depth is 
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SS=237 (±119) 


(3) Reliability 

The reliability of crater depths obtained 
from Fig*. 4-24 and 4-25 for all yields and 
burst positions is estimated to be ±50 ner cent. 

mi Crowd SfcocJt 
cl. Canera! 

Two separate basic mechanisms are con- 


sidered as producing ground shock. Direct 
ground shock in produced by the sudden expan- 
sion of the bubble of gas from an underground 
or surface explosion, which sets up a pulse or 
oscillation in the ground. Air-induced ground 
shock results from an ai- blast wave, from an 
explosion, that strikes and moves parallel to 
the ground. 

Fig. 4-26(A) shows the relation of the direct 
ground shock wave to the air-induced ground 



mm\\ 


tltfi&fBr -I; 


I mm ■■ ■ a i in imi inn wenim mm u«4 nmtm 

■ — 


:s:s:siaip!wsz: 

- 4fiMitH»!i>!i)w^m|!(mM ! !^^t>M!?M2“”Mi:au^^l!£H!^m**jj {««^ !lw!!S!j33^giMii8£ 


liitiiHiijiiiiiihiiiwiitfeiu 1 '-'' 




JIlipsIr&IIIKlMl 


HiHBSaslliliP 11 ^- 



lSM 



iiimiiiitiiiuiiu .unijBiumiiii 1 


• . - ••••»■•»• in 

, nr •■slseisiiinMiinimiiL mu«»th>i'" 
in ■ aMiillll 1 1 ii H i MilnuilMnun.anniMi'.HMimin 

'i.'angtennnuniiiiiiniiii' iiM.mun iiin n ■ m 


Y'KLOfttl 


inaiimrmmmMiimHutui winiHimwi 

• ■■■•■tiiMiminoiiH im.un urinmiiuinfiiiaeii 
^■■•BnaeiMiMtinimii mi u. miiw uihiiitibfMi* 


Fiaun 4-24 (O. Append Crater Depth « YIM, for Voriovi Depth* oma Height* 
of laird, In Dry Sort or lob fleet, for OM-JCT to ’OD-kT YM Ui) 


UNCLASSIFIED 


1 


. the ease of the surface burst 

Because sonic velocity is generally higher in the 
ground thnn in the air. the direct ground shock 
is indicated os moving foster thnn the air blast 
and. consequently, faster than the air-induced 
ground shock. Although the air blast of a sur- 
face or near-surface burst initially propogates 
faster than direct ground shock, the velocity 


of the air blast decreases more rapidly with dis- 
tance than does the direct ground shock. Hence, 
the direct ground shock eventually moves ahead 
(Ref. 21). 

Fig. 4-2G(B) shows in idealized form the 
relation of the vertical acceleration of soli par- 
ticles caused by the two different forms of 
ground shock. The direct vertical acceleration 
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la in Ilia ted upon arrival of the direct ground 
i shock. What is known as “air blast sinp accel- 
; eration" <Par. 4-3 . 3.2. c. (3), following) is ini-' 
; tinted upon the arrival of the air blast, which 
i causes a sudden local increase in soil particle 
acceleration. 

b. Direct Ground Shock 

(1) Propagation 

The direct ground shock wave produced by a 
surface or underground burst propagates radi- 
ally outward from the burst point. For a 1-KT 
surface or shallow underground burst, in Ne- 
vada-type soil, propagation velocities on the 
ground surface are 4,000 ft/sec. approximately 




300 feet front surface zero, and decrease to a 
more constant 3,600 ft/'ec. approximately 
2,600 feet from surface zero. The propagation 
velocity of ground shock at the surface may 
increase with distance from the bunt, due to 
refraction and reflection from underlying 
higher velocity strata; and, as the shock re- 
duces to an acoustic wave, the velocity will 
approach the normal acoustic velocity of the 
medium near the surface. In sound rock, and 
outside the zone of rupture, the propagation 
of shock obeys elastic formulae. In such a 
homogeneous medium (not generally character- 
istic of surfaee conditions) , there is little atten- 
uation due to internal friction of plastic defor- 



*4 - Arrival Tims Direct Acceleration 
i, ■ arrival Tima, Slap Acceleration 
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mation. Ground shock (compression type 
wave) in rock is reflected from an air-rock 
interface as a tensile wave. The intensity of 
this tensile wave is dependent on shock 
strength, wave shape, and angie of incidence of 
the direct shock with the free surface. 

(2) Pressure (Stress) 

At any given point sir blast overpressures 
resulting from a nuclear detonation are equal 
in all directions, but ground pressures are not. 
Stress pulses appear as various combinations 
of direct ground and air-induced shock stresses, 
depending on arrival time and the range, depth 
and, direction of the measurement. Direct and 
air-induced ground shock stress pulses may co- 
incide at close-in ranges outside the crater, as 
indicated above, but the pulses will gradually 
separate with increasing distance along the 
ground surface, until two separate pulses may 
be detected a few feet beneath the ground 
surface. The peak stresses from direct ground 
shock usually attenuate rapidly with distance; 
however, in highly saturated soils, the attenua- 
tion of these stresses is less, approaching the 
attenuation in water (approximately inversely 
as the range). The stress pulse from the direct 
ground shock is composed of vibrations of high 
and low frequencies, the period of which may 
vary from a few tenths-of-a-second to several 
seconds. Two hundred feet from a 1-KT under- 
ground burst in Nevada-type soil, the hori- 
zontal earth stress at a depth of 10 feet may be 
125 psi; at 250 feet it may be 40 psi; while at 
600 feet it may be only 3 psi. A rough com- 
parison of peak stress intensities, for various 
yields at the same distances, may be made on 
the basis of relative crater size. 

<3) Acceleration of Soil Particle* 

Acceleration of soil particles may be caused 
as’ a direct result of the explosion (direct ac- 
celeration), as a result of any shock reflection 
or refraction from underlying bedrock (indi- 
rect acceleration), or as a result of air blast 
(induced acceleration). Direct and indirect ac- 
celerations are generally indistinguishable, and 
together they are termed direct or fundamental 
acceleration. For acceleration values of 1 G or 
greater, measured beyond a range of two crater 
radii from ground zero, the frequency in soil 


will usually be less than 80 cps for all yields. 
For a 1-KT yield, the predominant frequencies 
will be from 3 to 15 cps. In rock, the amplitude 
of accelerations may be considerably greater, 
and the period may be less than in average soil. 

(4) Displacement of Soil Particles 

Displacement of soil particles is largely per- 
manent within the plastic zone of a crater and 
transient beyond the plastic zone. For a small, 
near-surface burst, and at a range of three 
crater radii, the permanent displacement along 
the ground surface will probably be less than 
0.0003 of a crater radius. The transient dis- 
placement will probably be less than 0.001 of a 
crater radius. A short distance beneath the 
ground surface, soil particle displacement is 
usually less than the displacement along the 
ground surface. Displacements are appreciably 
affected by soil types. In wet soils, for example, 
they may be of the order of ten times greater 
than the preceding values. 

c. Air-Induced Ground Shock 

(1) Propagation 

Air-induced ground shock propagates out- 
ward from the burst with the air blast. The 
air blast loading may be considered as a mov- 
ing, non-uniform load that generates a ground 
shock. The air-induced shock in soil quickly 
attains a velocity that may exceed the air blast 
velocity; however, the magnitude of any out- 
running shock is small, and its effects nr ay be 
ignored. Consequently, as the air blast wave 
proceeds, the air-induced ground shock propa- 
gates with a rather complex, underground, 
time-of-arrival contour, depending on under- 
ground shock velocities, in general, however, 
the ground-shock front slopes backward from 
the air-blast shock front, as shown in Fig. 4- 
26(A). Air-induced ground shock usually 
arrives with or after the direct ground shock. 

(2) Preaenre (Strew) 

Air-induced ground stresses attenuate gradu- 
ally with depth, and the rise time of the stress 
pulse increases. The pulse of the air-induced 
ground stress is composed of vibrations of high 
and low frequencies, the periods of which may 
vary from a few tenths-of-a-seound to several 
seconds. Observations with 1-KT yields show 
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to about 75 feet. 

(3) Acceleration of Soil Particles 

Air-blast induced acceleration maintains its 
identity in the acceleration pattern, and it can 
be separated from the direct shock acceleration. 
When interactions with other accelerations 
from reflection and refraction occur, the mag- 
nitude is affected markedly, and separation is 
difficult Upon its arrival, the air blast will 
cause a sudden local increase in soil particle 
acceleration termed “ait -blast slap accelera- 
tion,” as shown in Fig. 4-26B. For acceleration 
values of 1 G, or greater, measured away from 
ground zero, the predominant frequencies in 
soil of the air-blasc induced acceleration are 20 
to 120 cps. Peak vertical accelerations are 
larger than peak horizontal (radial) accelera- 
tions by an amount approximating 50 per cent. 
Peak' accelerations attentuate with depth, are 
directly proportional to the overpressure, and 
are indirectly proportional to the rise time of 
the pressure pulse in the soil. See Fig. 4-27 for 
the relationship of peak accelerations to peak 
air-blast overpressures at a depth of ten feet. 

(4) Displacement of Soil Particles 

Air-induced ground shock causes little per- 
manent horizontal displacement of ground par- 
ticles beyond two crater radii. When the shock 
is reflected from vertical soil-air interfaces, 
local displacement (spalling) of ground par- 
ticles may occur. Air-induced ground shock 
may cause a vertical displacement of soil par- 
ticles. Dry Nevada-type soil subjected to a peak 
overpressure of 250 psi has sustained a perma- 
nent downward displacement of approximately 
2 inches, and a transient downward displace- 
ment of approximately 8 inches. 

d. Column mud Bum Surge 

An effect of underground nuclear explosions 
is the large quantities of soil, rock, and debris 
thrown up in the form of a hollow ccVumn. As 
this material falls back to earth it will, in many 
instances, produce an expanding cloud of fine 
soil particles, known as a base surge (Ref. I). 


The maximum column diameter is generally 
two to three times the apparent crater diam- 
eter, and the maximum column height is 
roughly equal to 400 The characteristics 
of the base surge depend upon the depth and 
yield of burst The shallowest burst depth at 
which an earth base surge has been observed is 
16 W 1 '* feet. As the burst depth is increased, 
the extent of the base surge is expected to in- 
crease until a burst depth cf about 125 feet 
is attained. No further increase in base surge 
extent is expected below this depth of burst. 
Figs. 4-28 and 4-29 show the rste of growth 
of the base surge, and maximum radii for 
various scaled depths of burst 

«. Instruction* for Using Figs. 4-28 and 
4—29, Base Surge Radius 

( 1 ) Description 

Fig. 4-29 is based on extrapolation from the 
maximum base surge radii of the curves in Fig. 
4-28. Radii obtained from the figures assume 
no wind, or are crosswind radii. To compute 
downwind base surge radii at a specific time 
after detonation, add the distance traversed by 
the wind, up to this time, to the base surge 
radius obtained from the figures ; to obtain the 
upwind base surge radius, subtract 

(2) Scaling Procedure 

Depth of burst, and the maximum radius of 
the base surge, scale as the cube root of yield 
between scaled depths of bunt of 16 W 1/1 and 
125 W ,/s feet using 

k»_r,_ BV” 

h* r, 

where h, and r, are depth of burst and base 
surge radius for yield W„ and A. and r, are the 
corresponding depth of burst and base surge 
radius for yield W 2 ; and using 

t,_ HV” 

t, w.y 

where f,=time to complete a given percentage 
of total radial growth for yield W„ and (,= cor- 
responding time to complete the same percent- 
age of total radial growth for yield {P,. 
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that, in general, air-induced ground stress is 
larger than direct ground stress at distances 
greater than two crater radii, for average soils, 
and for all heights and depths of burst down 
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(3) Example 

Given ; A <5-4 -KT detonation 66 feet under- 
ground. 

Find: (a) The maximum base surge 

radius.. 

(b) The time at which the maxi- 
mum radius occurs. 




{Mi'H op : The corresponding depth of burst 
for 1 KT is 


w.'/'Xfc, 


-*16 feet 


From Fig. 4-28 the maximum radius for 1 
KT at a 16 foot depth of burst is 2,010 feet and 
it occurs at 180 seconds. 




miipymii! 

usis mmm 


inn 

mil 

il 111 

\m 



blipiyajllllllll 




mmm 


i'liiSinaiUi 


;ES5:S 


Imia 

I hhiIu m MfartNa pwi 

I •••(••riiimiiiHisriiiinihiiii'jiiiiiii ikiiiwtii 

liilm 



:ssy 


BIIIIIUHtililllttip 

(Hi 


UiHiiiiiiuit 

piiipiiS 


|ig;sm 

llllfflliliiiiigi 

I sssssrrnnnr.nmnqictKx: 

I ■(■•■mittiiiHHiivtMiiomnae*! 

- H Sa fU 1 1 Mm urn aa i 

itiilmHHNi 


1 iliunmw 


ini 


m 


ili 

'"in 


I ■■seesifiiim 

■ «■■■•• tlMIHMimlNtai 

■ ■MBBliminllillOil** 


mmmmw 

MilBiHuiiiMiiimiuiitMiiMn n 
• ■■••BlimillllUIIM 
\ ■■■■■VllllllllJIlj 

■•iiMiimittiir 


ifiSiill 


_ sr; 

M* |Wi 


if II nim 
llnsiiiii 


fumiiii 

Ifeiiiiii 


iiiliipi 


iMin!!tt:;j!ii>iiuiiutiuuimy!niiow 

JillUllifiHiafilffiSlsliSliHIlinHtHfflPil 


m#nin. l iiuiiiii-iiaH«<' I 

jierwcl 
lli)yp*oft| 



Itt&U 

m 


iwm 


..nma 

iiissi. 

HI |iKHf-r| 

iPuSSpl 


*hMiui' 

wiMalliiiiiniMjiiMsBaaMilfliliHiMKiiiiiiwiMwimiBiiwnu 

iMWMBeKiniirNiiHiuimiiuutuwiiiiiiiiiiiiuiiuiuBaaaniiMiiiiiUJiiiiiiBiiaatotiiniaiiBa 

.e-feievmohoiiiHiiiiu *i-iiiiiHii«ir.ii»*sei»ii»»»miiMiii«Mifini.wiitinin.-ii. - , 

niiMPSflf ssiiiiiiiiimiiiiniiijii.i -tir^.iiiiniiiiiMii ismiiiii ilmiun siwunm iiiimimm - j 

. .mu ii#4iBi»iniii(Hiiiiiiiiiiiiit'sEsHiiiHiKWii% iiiBtiiaiittimioi m 

' "llilif iiliilSIHHiilili ii 


impii 


Ml 


iiniwiMRi|itiiiiin!i?:ii i'- 


ll -IIIIIIW 

rij-0 r f|l|illl r 


EEEEE:::ii:;::::ir''EEi^Eiii;;E;r.EiEiil 

■ II t Ml I M4M Mart* 1 1 III I 

eeaiaMiilfini 1 .» 11 trnt vhdl mKi >-. 1 

■ ■Hiee i ■•M'feiHMaiiiuiieMaetMlMlmiiHiieAit'i 






Ibbsmimihim 
Ibbsbssiiim 
I • ■■■•viaii' 


E!*»ir 

ill it u 


Sl|ii!!!ii:SE:- : 

HWltliUllniMIlliBl 


MMiim •turn'll. 


alliiiMliftiliiimion'iiiifiiiitilniiMJiiiJita 


■ IlMIHLu *> «— I Him If 

■ ••■e se«i f miiB i«rMhiiH'<iswiliiMiiii 

mu *j4p*BBf«ea mi hi i if 111(11111111,11 uimiiHumJiimuji 
in «lbpaiBai pBBIIlitlJlimmmtian i"w*|lNm|lir 
iBBiiBiiiimitiiiwilouimiuii-MHinun 
•■■viBiiifiliiiMiHHMim.il mwcu irtm m 
■ ■■•■aim iimiiiii ! iini.i'i.ui l ll in m i i 


*11111 

iSlHUKtf' 

.BSHRihul 

u . j’’S3 j||j ijiiifiiy, ii* " 

ftrsMillHiwiM'r 
Ns ililiOjAj 

S&lliljllBp 

:fs*SH»iiH:SBiiii:r:BSS=|«:jiSStss= 

s2?:::jiiijiiiiii:hiE£5=!pEE=i: 

ilseisHiMmiii.'iniiMiManaMiiitiii'S****'* 

— -“'“■■•“i«*iise 


mini 




. . 

Men- iivf iilll lllii i ufiMH'i vusii Mitimii 1 
.SlUeP'i ■■•■*»•»■•• llfl IIIM IHMI lit XUiBk - tlllllllU IMS UW*i I 

SffTT' ’*■■■■• V (ill ■ I Hit UN lIlMKMMIt.lfVlHUHMirVn . 

nnrr in ■■■■•■II II nimilii*MniBunia«i<'tHtiiB!inn:f.i 


PEAK OVERPRESSURE (pell 

figurm 4—37 (C). Psoir Alr-tndocmd Ground Acc«(*rctfJaa (Wticoi 

Pule Owrprttmn lilt 


UNCLASSIFIED 



UNCLASSIFIED 


Th< corresponding radio, .'or 64 KT is The time at which this maximum radius occurs 

ftXw,’' 1 _2,010X<64)>/» is 

1 -8,040 feet, t _ w,™Xt, (64)**X180 

This may also be read directiy from Fig. 4-29. ,,S *.,i« ~ 1 “ 360 ,<cont1 *' 
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(4) Reliability 
The dat* presented in the figures are based 
on limited full-scale testing, and on extensive 
HE reduccd-acale teating. 

4-3.4. (II) Underwater Bants from Ceavea- 
WannJ (Chemical] Csplesieai 

4-3.4. 1. JsfrehvcfJe* 

The subject of undenvater explosions has 
been treated extensively, from both a theoret- 
ical and experimental point of view. An excel- 
lent presentation of all aspects of underwater, 
chemical explosions is given by Cole in Ref. 5. 
This reference is readily available in book form, 
and should be consulted for detailed informa- 
tion. 

4-3.4J. Description 

When the charge is detonated, the resulting 
physical disturbance advances outward under- 


at a high rate of speed. In the case of a high 
explosive, as distinguished from a gun propel- 
lant, the resulting chemical reaction is also 
rapid. This reaction continues to reinforce the 
detonation wave, so that the entire tracers con- 
verts the solid explosive into a gas at high pres- 
sure, in an extremely short time. The initial 
sphere of high pressure and high temperature 
gas transmits this high pressure to the sur- 
rounding water, in this way, the boundary 
conditions for the wave phenomena in the 
water are generated. Once this happens, a 
shock wave forms and travels outward under 
the same hydrodynamic laws as those govern- 
ing the motion of a blast wave in air. In fact, 
one of the theories most used, that of Kirkwood 
and Brinkley (Par. 4-2.3. 6. i' ; and Refs. 2 and 
6), can be used for predicting shock wave phe- 
nomena for either air or water. 
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The physical phenomena for the propagation 
of the shock wave is also similar. That is, fol- 
lowing the initiation of the shock at the surface 
of the gas sphere, the wave travels outward at 
a speed greater than the speed of sound, and at 
a rate decay of pressure (being a spherical 
wave) somewhat greater than inversely with 
distance, as predicted by acoustic theory. As 
the radius increases, the disturbance ap- 
proaches that predicted by acoustic theory, as 
one would expect. 

A phenomenon associated with underwater 
explosions which is not present in air bursts, 
is the formation and subsequent motion of the 
gas sphere, Because the expanding gas causes 
outward flow of the surrounding water, the 
bubble continues to expand beyond its pressure 
equilibrium state ; then, when outward motion 
stops, the external pressure in the water is 
higher than that of the gas in the bubble, and 
contraction occurs. Since the gas is a highly 
elastic system, bubble oscillation takes place. 
Dui”:;g this time, the bubble rises toward the 
surface because of its buoyancy. As stated in 
Ref. 6, other factors affect the motion, making 
analytical prediction of bubble behavior very 
difficult. Such factors would be the proximity 
of the bubble to the bottom, and to the free sur- 
surface. Bubble pulsation has an important 
effect on the surrounding flow, however, since 
each pulsation becomes a possible source of 
secondary pressure waves. According to Ref. 5, 
the overpressure caused by the first bubble pul* 
satlon is only a fraction of the shock wave pres- 
sure. The duration of the overpressure is 
greater, however; therefore, the impulse im- 
parted to the water is comparable in the two 

Returning to the shock wave formed in the 
water, and its effect, it is significant that scal- 
ing laws are applicable and give reliable re- 
sults. For a given set of ambient conditions, 
the cube root scaling laws (Par. 4-2.6 J) are 
equally valid when comparing the effects of 
different size clurges. That is, the same pres- 
sure ratio is observed for two different explo- 
R t 

sions at equal values of and — — . For 

example, if a change of weight E, produced a 


pressure ratio of P/P t at a distance R, t sec- 
onds after explosion, then a charge ef ^one- 
eighth the weight would produce the same 
pressure ratio at a distance R/2, t/2. seconds 
after detonation. 

From an analytical viewpoint, the shock 
wave propagation problem is similar to the 
problem in air, as has been stated, it is re- 
marked in Ref. 3, however, that the details 
are simpler in the case of underwater blast 
waves. This is because the relatively small 
entropy increment produced at the shock front 
permits the use of the approximation of adia- 
batic flow. Such approximations across a shock 
front are not permissible in air. 

4-3.5. (C) Underwater Bursts from Nt !«ar 
Explosions 

4-3.S.I. Crotorfag v 

An underwater crater is considered to be 
the crater existing in the bottom material at 
that time, shortly after the burst; when con- 
ditions are no longer changing rapidly. Subse- 
quent hydraulic wash action by the current, 
tides, etc., will tend to erode sway any crater 
lip, while making the crater wider and shal- 
lower. The degree of this effect depends on the 
depth of the water, type of bottom material, 
and current, wave, and tidal activity. 

The size of the underwater crater is depend- 
ent upon weapon yield and burst depth, but 
also upon water depth and bottom composition. 
Figs. 4-30 through 4-36 are graphic illustra- 
tions of the data on crater diameter, depth, and 
lip height for both surface and bottom bursts 
in 25, 50, 100, and 200 feet of water. The fig- 
ures show that the crater dimension! are 
greater for a bottom burst than for a surface 
burst Also, as the depth of the water increases, 
the crater dimensions increase for a bottom 
burst but decrease for a surface bunt (Ref. 
21 ). 

4-3.5X Water Stack 

a. Dtucrip don mmd AmmlytU 

The underwater detonation of a nuclear 
weapon at a distance 'rom either the water 
surface or the bottom boundaries produces s 
shock wave early in the formation of the gas 
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bubble. This shock wave propagates spherically 
at the rate of roughly 5,000 ft/sec., and is 
characterized by an instantaneous rise in pres- 
sure followed by an exponential decay. In ad- 
dition to this initial primary shock wave, sev- 
eral subsequent pressure pulses are produced 
within the water. 

When the pressure wave is rellected from the 


water surface it is reflected as a rarefaction or 
tensile wave. This reflected rarefaction wave 
cuts off the tail of the primary compressions! 
shock wave, thereby decreasing the duration of 
its positive phase. Kig. 4-36 shows qualita- 
tively the eff.*ct of the reflection wave upon the 
pressure-time history. The effect of this cutoff 
decreases rapidly with increased depth of target 
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in the water; that is, as the depth to the target 
increases, the less the effect of cutoff for a given 
depth of detonation. Conversely, as the depth 
of detonation increases, the less the effect of 
cutoff for a given target location. 

The reflection of pressures from the bottom 
surface for an underwater burst, is similar to 
the reflection of pressures from the ground sur- 


face for an air hurst. A crude approximation 
of the magnitude and shape of this reflected, 
water-shock wave can be obtained, if it is as- 
sume*) that the wave is identical to an imagin- 
ary direct wave, this having traveled a distance 
equal to the path-distance of the reflected wave, 
i.e„ that perfect reflection occurred. Estimated 
peak overpressures vs slant ranges, for vari- 
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ous yields, are shown in Fist. 4-39, where the 
order ol magnitude of these pressures may be 
noted. However, the durations of these pres- 
sures are short, being measured in tens of mil- 
liseconds. They "nay be even •h'* , *er at points 
near the water surface, w. -re the surface- 
reflected wave arrives at the point before the 


complete passage of the primary compressional 
wave. 

if the nuclear weapon is set off at shallow 
depths . in deep water, the peak overpressure 
estimates of Fig. 4-39 are excessive in terms of 
actual overpressures, tor most regions of in- 
terest. For example, a 10-KT weapon set off 
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at a depth of 200 feet, in deep water, would 
actually develop a peak overpressure of approx- 
imately 350 psi at the range of 2,000 yards and 
the depth of 50 feet. This is in contrast to a 
pressure of 550 psi, as predicted by the figure. 
The actual overpressure is less than the pre- 
dicted because the initial shock wave strikes 
the water surface at a high obliquity and re- 
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fleets in an Anomalous manner, and the sharp 
cutoff from the reflected pressure does not oc- 
cur. instead, th:- reflected tensile wave modifies 
the pressure-time history at early times, and 
forms a nearly triangular pulse (Fig. 4-37). 
The region wherein this anomalous reflection 
affects the pressure history is termed the non- 
linear region. 
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The nonlinear 


region is in the form of a 


wedge, increasing in depth as the range from 
the burst point increases. At the shallower 
depths in this region, the anomalous behavior 
is sufficient to reduce the magnitude of the 
initial peak overpressure. At greater depths, 
the} effect shades off. until only at the later 


tiroes of the pressure history is there any re- 
duction of overp/essure. As the depth of burst 
is decreased (or the yield increased) the non- 
linear zone increases in scope and magnitude. 
Finally, for a surface burst, all points beneath 
the water surface (except those directly under 
the weapon) are in the nonlinear region. Be- 
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cause the peak pressure in the nonlinear region 
is a sensitive function of burst and target 
geometry, pressure-distance curves are not 
presented here, to account specifically for 
this eiTcct. 

When a nuclear weapon is detonated in shal- 
low water, both the reflecting boundaries of the 


water surface, ai d the bottom, alter the peak 
pressure and duration of the primary under- 
water shock wave. In addition to the multiple 
reflections that occur, the shock wave is trans- 
mitted across these boundaries (i.e., propagated 
through the air and the bottom, and then 
coupled back into the water). Hence, at a 
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0.4 x (Bomb Booth In ft) x fTorflW Doplti In ft) 

& t In im«c » - — 

Slant Rang* In ft 

Figure 4-36 (Cl £ffo tt of Cutoff on tho Shop* of tft* Potilivo Puls* ( U) 

point distant from the source, there will be a fleeted from the surface and the bottom. The 
direct water shock, water shocks induced by order of arrival will be: first, the ground in- 
ground and air shocks, and water shocks re- duced shock; then, the direct shock with the 
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Figure 4-37 (Cl Nonfinoor Surface Inflection Effeeti /U) 
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reflections; and, finally, the air induced shocks 
(Fig. 4-38). 

At most scaled depths, the direct water shock 
is the greatest. As the direct shock travels out- 
ward. the rate of attenuation with distance is 
determined primarily by the depth of water and 
the relative position of the weapon within that 
depth. The shallower the water and/or the 
closer the weapon to the water surface, the 
greater the rate of attenuation. This difference 
in attenuation can be attributed to the non- 
linear surface reflection, and to the interference 
of multiple reflection waves with the direct 
shock wave. These effects tar outweigh any 
apparent yield increase resulting from the 
weapon being detonated on the bottom, as con- 
trasted with the yield increase, that occurs in 
the case of the land surface burst 

Insufficient data exist for the preparation of 
water overpressure versus distance curves for 
detonations in shallow water, as is possible for 


deep water detonations. In the case of a 20-KT 
detonation at mid-depth in 180 feet of water, 
the peak overpressures at moderate ranges have 
been observed to be on the order of one-half 
those indicated for deep water. Pressures even 
less than these are expected for a mid-depth 
burst in more typical harbor conditions, be- 
cause of the shallow depths of water end 
bottom irregularities. On the other hand, a 
burst on the bottom will result in slightly 
higher peak overpressures than one at mid- 
depth in shallow water. 

Since water has no tensile strength, the rare- 
faction resulting from a reflection at the water- 
air interface causes the water sur face to cavi- 
tate. Thus, a “spray dome” is formed. When 
this collapses, an additional shock is : nduced in 
the water by an effect similar to a water ham- 
mer. Little is know;; about the magnitude of 
the shock from this source; however, it is be- 
lieved that it can generally be neglected. 
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The propagation of the underwater -.hrvk 
waves is distorted on passing through regions 
of sharp temperature changes within the water, 
with the result that the pressure wave form is 
affected. If the weapon is fired in close prox- 
imity to a region of temperature change, there 
is a shadow zone formed, wherein predictions 
based upon free water conditions overestimate 
the effectiveness of the shock wave. When tne 
weapon is fired well above, or tHow, this tem- 
perature region, pressure histories at the nor- 
mal ranges of interest are changed very little. 

b. Intlrucliont for Vtinp Fiji. i—39. Peak 
Ovrrprrurtrr for Drop LI niiencalrr Bnnlt 

(1) Description 

Fig. 4-39 gives the expected values for peak 
water overpressure versus slant range for vari- 
ous yields burst deep in deep water, where the - 
effects of a reflecting surface arc absent. 

(2) Scaling Procedure 

Scaling for yields other than those shown 
may be done by linear interpolation between 
appropriate curves. 

(3) Example 

Given: A 40-KT weapon is burst at a 

depth of 1.000 feet in deep water. 

Find: The peak water overpressure at a 

1,000-foot depth 4,000 yards from 
the burst. 

Solution: From Fig. 4-39, the peak water 
overpressure at a slant range of 
4,000 yards, for a 40-KT weapon, 
can be read directly as 440 psi. 

(4) Reliability 

Slant ranges obtained from Fig. 4-39 are 
estimated to be reliable within :t20 per cent 
for the yield range shown. 

4-33J. Wove Formation 

m. Surface JFavet 

Surface waves generated by underwater ex- 
plosions are the result of the emergence and 
collapse of the gas bubble. The first wave is 
generally a well-defined breaking wave. (In the 
case of a deep burst in deep water, this wave 


was first observed at roughly 2,000 feet hori- 
zon! al range.) The first wave is followed by a 
train of more stable oscillatory waves. As the 
disturbance moves ward, the number of 
waves in the wave uam increases. At first, the 
initial wave of the group is the highest, but as 
the wave train progresses farther from the 
origin, the maximum wave height appears in 
successively later waves. It has been observed 
for a shallow water burst that, by the time the 
wave train had progressed out to 22,000 feet, 
the ninth wave was the highest of the group; 
but for a deep water burst at 10,000 feet, the 
seventh wave was observed to have the largest 
amplitude. For the shallow water burst, the 
maximum wave height one mile from the det- 
onation was about 20 feet; for the deep burst, 
it was about 40 feet at the same distance, re- 
flecting in this case the greater depth of water 
and burst depth. 

Fig. 4-40 gives maximum wave heights as a 
function of range, under a number of stated 
conditions for a 1-KT underwater burst. These 
predictions are based upon the maximum wave 
passing the point of interest, without regard to 
its position in the train. Thus, the maximum 
crest-to-trough amplitude decreases linearly as 
the reciprocal of distance, while the amplitude 
change with distance for any individual wave 
varies in a more complex manner. In a given 
depth of water, a wave no higher than about 
70 per cent of the water depth can propagate 
as a stable phenomenon. Higher waves are 
unstable, and they decrease in height until sta- 
bility is attained. 

The formation, propagation, and magnitude 
of surface waves generated by fin underwater 
bum, in shallow water, vary rapidly with the 
scaled depth of water and the configuration of 
the bottom. For prediction purposes in water 
shallower than 80 W l/t feet, the burst position 
has little effect on the wave generation. 

For the underwater burst in deep water, the 
size of the generated surface waves is depend- 
ent upon the position of the weapon relative to 
the surface. For practical purposes, as the 
depth of burst is lowered from the surface to 
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a depth of 180 IP 1 feet, the maximum wave 
he’ght tan f>e considered to inc rease constantly. 
The scaled depth of 180 feet (two-thirds of the 
maximum bubble radius of a 1-KT burst) rep- 
resents an optimum depth. With further in- 
creases in depth, the maximum height again 
dmps off. approaching the scaled magnitude of 
waves observed from bursts at deep depths 
(scaled depth of burst of 850 IP ' feet). 


Waves moving from deep into shallow water, 
• >r from open water into narrows, may be con- 
siderably increased in magnitude; however, this 
increase is unpredictable unless the exact geom- 
etry of the bottom is known. Waves break on 
arriving at water depths about equal to the 
wave height, momentarily increasing in height 
by approximately :'*() per cent, then rapidly de- 
creasing. 
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k it utnuO a me /or U*1m$ Fig. 4-40, Me 
Wmo Height for Ifmbnwlw Bn 


(1) Description f 

Figure 4-40 gives the approximate, maxi- 
mum, crest-to- trough, wave heights (in terms 
of horizontal distance from surface zero) to be 
expected from surface and underwater bursts 
of 1-KT weapons. This data may be scaled to 
other yields, as explained below. For burst 
depths greater than 180 W 1 '* feet but less than 
860 W l/t feet, a linear interpolation between 
the values from the above limiting cases will 
provide a satisfactory prediction. Below 860 
W m feet, the wave height is expected to de- 
crease almost inversely with increasing depth. 

(2) Scaling Procedure 

Use the following two relations: First, 

BY* _/t, 

BY" k, 

where yield W x will give a wave height of K, 
and yield W, will give a corresponding wave 
height hi, at the same scaled depth of burst. 
Secondly, 

d, = BV'“ d*. 

when yield BY burst at a depth d, in water of 
depth d'i, is equivalent to a bunt of yield W* 
at a depth d,, in water of depth d'i. 

(3) Example 

Given: A 40-KT detonation at 460 feet in 
1,600 feet of water. 

Hud: The expected maximum wave 

height at 10,000 yards from sur- 
face zero. 

Solution: The corresponding bunt depth for 
iKTis: 


460 


460 

■- — =180 feet 


(40) •* 2.6 
The corresponding water depth for 1 KT la: 
1600 1600 


d'i* 


(40)* 


2.6 


-=000 feet 


Uts the curve of Fig. 4-40 for bunt depth 
of 180 feet and water depths of 450 feet or 




greater. From this curve, the meximum wave 
height at 10,000 yards for a 1-KT bunt is 2.2 
feet Therefore, for a 40-KT bunt, the wave 
height of 10,000 yards is: 


(2.2) X (40) *"= (2L2) X (6.3) ■ 
(±4) feet 


'14 


(4) Reliability 

The wave heights obtained from Fig. 4-40 
are estimated to be reliable within ±30 per 
cent 

c. Row Surge 

A significant phenomenon of underwater 
nuclear explosions is the base surge, a sizable 
cloud or wave of dense mist that moves out- 
ward from the water column. For depths of 
detonation less than 10 W ia feet, the formation 
of a significant base surge is unlikely. When 
the detonation is at a greater depth, but one 
shallow enough for the gaseous explosion 
bubble to vent the surface while it is still ex- 
panding to its first maximum radius, an exten- 
sive column of water is thrown into the air. 
The collapse of this column forms the base 
surge. 

As observed in one underwater explosion, 
a conical spray dome began to form about four 
milliseconds after the explosion. Its initial rate 
of rise was greater than 2,500 feet per second. 
A few milliseconds later, a hollow column began 
to form, rapidly overtaking the spray dome. 
The maximum height attained by the column of 
water was probably some 8,000 feet, and the 
greatest diameter was about 2,000 feet The 
maximum thickness of the walls of the column 
was about 300 feet Approximately 1,000,000 
tons of water were thrown into the air. As the 
column fell back into the water, there developed 
on the suiface, at the base of the column, a 
large doughnut-shaped cloud of dense mist. 
This cloud (the base surge), formed about ten 
seconds after detonation and traveled rapidly 
outward at an initial velocity greater than 100 
feet per second, maintaining an ever-expanding 
doughnut-shaped form. In the first 100 seconds, 
the average velocity was 63 feet per second. In 
180 seconds, the surge traveled 8,100 feet 

If the underwater detonation ia at a depth 
such that the gas bubble goes through several 
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oscillations prior to venting, a Cushy, ragged, 
plume-like mass of water is thrown into the air 
by the emerging bubble. The collapse of these 
plumes generates the base surge. In the ob- 
servation of such a deep burst, the first visible 
surface phenomenon was a very flat spray dome 
some 7.0C0 feet in radius and 170 feet in height. 
Three seconds later a second spray dome 
emerged out of the first, sending spikes to a 


height of 900 feet At ten seconds the plumes 
appeared, reaching a height of 1,450 feet and a 
diameter of 3,100 feet. As the plumes col- 
lapsed, a base surge spread out laterally to a 
cross-wind radius of 4,600 feet at 90 seconds, 
and to approximately 7,000 feet at 15 minutes. 

At intermediate depths of burst such that 
the bubble vents after the first expansion is 
completed, but before several oscillations are 
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completed, the magnitude of the base surge 
varies in a manner dependent upon the phase 
of the bubble at venting. When the bubble 
•• » in an expanding phase, the surge 

aomenon is similar to that described for a 
shallow burst When the bubble vents in a con- 
tracting stage, a tall spire of water is jetted 
into the air. The base surge resulting there- 
from is less dense and of a smaller final radius. 
However, lack of knowledge of bubble behavior 
permits only a coarse prediction of the maxi- 
mum size of base surge. Pigs. 4-41 and 4-42 
provide representative data on base surge 
radius, in terms of time and yield, respectively. 

Winds cause tire surge to travel faster in the 
direction in which the wind is blowing. Al- 
though relative humidity does not affect the 
initial formation of the base surge, it does in- 
fluence its subsequent growth and duration. 
When tlie relative humidity is signiflcantly less 
than 70 per cent, the extent and duration of the 
base surge are apt to be less than predicted. A 
significant increase in extent and deration of 
the base surge is expected when the relative 
humidity is appreciably greater than 70 per 
cent 

ri. Instructions for Using Figs. 4-41 and 
4-42, Bate Surge Radius for Underwater 
Bursts 

(1) Description 

Fif!. 4-41 gives the expected radial growth of 
the water base surge, as a function of time 
after detonation, for a 1-KT weapon at various 
depths of bunt Fig. 4-12 gives the expected 
maximum base surge radius as a function of 
yield, for Several specific depth of burst condi- 
tions. The maximum base surge is developed 
from s weapon detonated at approximately the 
venting depth (2S0 W'" feet). 

Proximity of the bottom to the point of 
detonation has little effect upon the production 
of the base surge. For depths of bunt between 
the limits to 10 W" and 250 W"* feet, the 
diameter of the water column producing the 
base surge is approximately one-fourth of the 
resultant surge radius. With depths of bunt 
below the venting depth of 250 W'" feet, no 
such simple relation of the column or plume to 
the resultant surge exists. Little data or theory 


are available for base-surge predictions At deep 
depths. A prediction can be made, however, by 
linear interpolation between the base-surge 
radius of a burst at venting depth, and one at 
a deep scaled depth (650 IF*'* feet) , A predic- 
tion thus made represents the maximum base- 
surge which could be expected. 

Radii obtained from Figs. 4-41 and 4-42 as- 
sume “no wind" conditions. To compute up- 
wind or downward base-surge radii for a 
specific time after detonation, use the following 
procedure: to obtain the downwind base-surge 
radius, add the distance traveled by the wind 
up to this time to tho “no-wind" base-surge 
radius: to obtain the upwind base surge radius, 
subtract. 

(2) Scaling Procedure 

Depth of burst, and the accompanying maxi- 
mum radius of the base surge, scale as the cube 
root of yield for depths of burst between 25 
and 260 H' 1 '*, or: 

hx _ r,_ W t '» 

K~r,~ KV'* 

where h, and r, are depth of burst and base- 
surge radius for yield IF,, and A, and r, are the 
corresponding depth of burst and base-surge 
radius for yield \V v 

The time required to complete a given per- 
centage of total radio! growth of the base surge, 
scales as the one-sixth power of the yield for 
the same scaled depth of burst, or: 



where t, =time required to complete a given 
percentage of total radial grow rh for yield W» 
and (,-the corresponding time required to 
complete the same percentage of total radial 
growth for Weld IF* 

Time to maximum b ase-surge radius, from 
detonation at venting depth or less, may also 1> 
computed by : 

t«,=2.26 r‘/> 

where L»»time to the maxinsum base-surge 
radius in seconds, and >■= maximum bace-curge 
radius in feet 
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( 3 ) First Example 

Jiven: A 10 -KT detonation at a depth of 

3 (50 feet below the water surface. 

Pind: (a) The maximum base-surge 

radius. 

(b) Time to maximum base-surge 


<c) The expected base-surge 
radius 1 minute after detona- 
tion. 

Solution: (a) The maximum base-surge 
radius is read directly from 
Fig. 4-42 as 7,200 feet. 

(b) The venting depth is 260 W ut 
=440 feet Since the depth of 
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burst is less than venting, the 
simplified formula for time to 
maximum may be used. The 
time of maximum base-surge 
radius is 


t«,=2.25 (7,200)^=190 sec- 
onds. 


(c) A 10-KT detonation of 150 
foot depth will complete the 
same percentage of its total 
radial growth in 60 seconds as 
a 1-KT detonation will com- 
plete a corresponding scaled 
time and depth. Using the 
scaling above, the correspond- 
ing depth of burst for 1 KT is 


WV'* X A, 


1 X 150 
(lO) 1 '" 


= 70 feet. 


The time that a 1-KT weapon burst at a 
depth of 70 feet will have completed the same 
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percentage of its growth that a 10-KT burst 
will have completed in 60 seconds is: 


t, X W,'/' 


60 X 1 
( 10 )'“ 


41 seconds. 


From Figure 4-41 the maximum surge for 
a 1-KT burst at 70 feet is 3,400 feet, and at 41 
seconds the surge has a radius of 2,000 feet. 
Thus, it has completed 60 per cent of its growth. 
A 10-KT detonation at a depth of 150 feet will 
then complete, in one minute, 60 per cent of its 
maximum radial growth, or 

0.60X7,200=4,300 feet. 


(4) Second Example 

Given: A 30-KT detonation at a depth of 
1,000 feet below the water surface. 

Find: The maximum base-surge radius. 
Solution: The venting depth for a 30-KT 
detonation is approximately 250 W' /f , or 600 
feet. Few data are available upon which to 
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predict the maximum base-surge radius at 
depths exceeding this. Hence, a prediction must 
be made by linear interpolation between the 
venting depth, 600 feet, and a depth of 660 
JF l '»=2,000 feet. 

From Fig. 4-42 the maximum base-surge 
radius at venting depth is 12,000 feet.. At 660 
W l, ‘ the maximum base-surge radius is 7,000 
feet. By interpolation, the maximum base-surge 
radius for a 30-KT detonation at 1,000 feet is 

12.000- x 6,000 ) - 10,600 feet. 

V 1,400 ) 

(S) Reliability 

Figs. 4—11 and 4-42 are based upon limited 
full scale and extensive reduced scale testing. 

4-4. (C) EFFECTS OF MECHANICAL 
FACTORS ON I LAST WAVE 
PARAMETERS 

4-4.1. 1C) Effects ef Charge C alia 9 
4-4.1 .1. «’ raaarcd 

It is con, jn knowledge that the conventional 
projectile or warhead casing surrounding must 
explosive charges tends to reduce the blast 
damage effectiveness of the churge. because 
some portion of the explosive energy must be 
used in failing the casing and in accelerating 
the casing fragments. Estimates of the magni- 
tude of this reduction have been considered 
both theoretically and experimentally. There 
is, however, no generalised method for accu- 
rately predicting this degradation. 

An additional factor is that some explo- 
sives are difficult to detom ce properly un- 
lees they are encased. Studies using certain 
casings of plastic-bonded powdered metals indi- 
cate that an explosive 0..1 be encased without 
reducing the effectiveness. In some instances, 
the damage capabilities of the explosive have 
been improved. 

4-4.10. (C> Flee- heresy Predict!** Method* 

The first attempt at accounting for the atten- 
uation of air blast caused by the presence of a 
steel case was made by II. Fano and ie ported 
in Ref. 23. The reasoning used by Fano was an 
outgrowth of that developed by R. W. Gurney 
in Ref. 24. In this latter report Gurney con- 
cluded, by fitting experimental data to a simple 


theory concerning the partition of energy be- 
tween fragments and blast wave, that 20 per 
cent of the total available energy from the ex- 
plosive charge was still potential energy when 
the steel casing broke into fragments. 

Considering a simplified model of the phe- 
nomenon. in which the HE charge is static and 
cosed, the respective proportion of the explo- 
sive energy of the charge which the generated 
gases and the casing fragments possess at the 
instant of casing breakup is sought in the fol- 
lowing manner: 

If £=the total energy of the explosive charge 
material, per unit mass, and C“ the mass of the 
char 1,5; then, EC “the total energy of the explo- 
sive charge. Also, if Af = the moss of the metal 
casing, and F.- the initial velocity of the frag- 
ments, relative to the projectile, then 1/2 MV.* 
~KE (kinetic energy) of the fragments. 

If it is now assumed that (at the instant of 
casing breakup) the velocity of the molecules of 
the generated gases varies linearly, from zero 
at the charge center, to F, at the metal-charge 
interface, and that the density of the gases is 
constant throughout the charge volume, then: 
the KE of the generated gases =1/4 CV.* (cy- 
lindrical charge), or = 3/10 CV .* (spherical 
charge). Considering no other factors: 

EC =1/2 MV,*-* 1/4 CV.* (4-54) 
for the cylindrical charge, hich is one form of 
the Gurney equation. 

From this Fano reasoneO chat the total ener- 
gy associated with the blast wave is equal to 
1 

1 + 2 # 

C 


of the 80 per cent released at breakup, plus the 
20 per cent potentially available at the instant 
of breakup. The concept of equivalent charge 
weight emerged as being thi weight of bare 
charge with total available energy equal to the 
energy contributed to the blast wave hy the 
cased charge. In Ref. ’M Fano computes the 
equivalent weight for a cylindrical cased charge 
as 


«/ = 


0 . 2 + 


0.8 

1 + 2M 
C 


(4-65) 
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where: w'= equivalent bare charge weight; and 
a; “actual explosive weight for cased charge. 

At the time Fano's report (Ref. 23) was 
written, all the bomb blast data collected in the 
period 1942-1945 at the Ballistic Research Lab- 
oratories (Ref. 25) were available. This data 
seemed sufficient to substantiate the equivalent 
weight theory. However, iater results of ex- 
periments with cased charges cast some doubt 
on the expressed relationship between cased and 
equivalent bare charge weights (Ref. 26). 


4-4.1 .3. <C) V. S. Navy Prediction Method 

In 1953 the Navy (Ref. 27) re-examined the 
data used by Fano, and upon comparison with 
the Kirxwood and Brinkley curves for bare 
charges (Ref. 28) , proposed an improved equiv- 
alent charge relationship. This relationship 
was obtained by abandoning attempts st simple 
explanations for the behavior of cased charges; 
instead, the simple expedient was followed of 
choosing a relationship which best described the 
data. Two distinct formulas were specified, one 
of wliich was for positive impulse, os follows: 

ri+M/C{i-M') 1 ... 

— urn — t <4 ~* 6> 

with the condition that M’ takes the value M/C 
for ail values of M/C less than unity, but takes 
the value unity for all values of M/C greater 
than unity. For computing the peak pressure, 
w'/v- is taken as 1.19 times that value used for 
computing positive impulse. However, results 
of additional experiments (Ref. 29) cast fur- 
ther doubt on the reliability of these relation- 
ships, and even on the whole concept of equiva- 
lent weight 

4-4.1 .4. (C) ModlfUd Para Prediction Method 

A modification of the formula due to Fano is 
in common use at the Ballistic Research Lab- 
oratories ; this appears to provide a reasonable 
fit for experimental data (Refs. 30 and 31) . An 

w'+ v> 

effective charge weight W" is defined as - - — , 


where w' is found from Eq. 4-55. The result- 
ing expression for effective weight of the cy- 
lindrical cased charge is 


«r"= 


0 . 6 + 


0.4 * 
1 + 2 M 

C . 


w (4-57) 
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or for the spherical cased charge 


u>"= 


0 . 6 + 


0.4 * 

sc. 


w. 


(4-58) 


The effdet of altitude and charge composition 
is often factored into these expressions and 
defined as the effective equivalent static bare 
charge weight w*, used in the formula 


w* 


U>"(l + n) 
n» 


(4-59) 


where: n - effectiveness increasing (or de- 
creasing) factor for a different explosive; and 
a;, •= altitude degrading factor. 


i 


4-4.2. (C) Effect! of Chary* Shape aad 
Competition 

4-4.2.1. (U> Chary* Shop* 

Experimental studies have been made com- 
paring air blasts resulting from differently 
shaped explosive charges, in order to provide 
basic data for the terminal ballistic design of 
explosive charges to be used in gu'ded missiles 
developed for the Air Force (Refs. 32 and 33). 
From these studies it has been determined that 
the peak pressures and positive impulses from 
the detonation of explosive charges of different 
shapes do not differ significantly at large scaled 
distances (Z=R/W l ' l >9 ft/lb*'*), when aver- 
aged in all directions with respect to charge 
orientation. However, scaled distances of this 
order are too great to cause lethal damage to 
most targets, unless the explosive weights con- 
sidered are of the order of 4,000 pounds or 
more. 

The peak pressures and positive impulses 
associated with particular directions about ex- 
plosive charges of non-apherical configuration 
can be as much as 50 per cent higher than those 
from an equivalent sphrrical charge (Ref. 32) , 
especially if the charge configuration is cylin- 
drical. Dovble shock wves are often observed 
from the non-spherical charges. In measure- 
ments off the sides of cylinders, these secondary 
shocks are small relative to the primary wave, 
and usually occur in or beyond the rarefaction 
phase. In measurements off the ends of cylin- 
ders or blocks, however, the second peaks can 
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be larg^;; because these occur well within the 
initial positive phase, they contribute to the re* 
suiting impulse. 

Fig. 4—43 illustrates how pressure and im- 
pulse vary at angles about a cylindrical charge 
(taken in the plane of the axis) as compared to 
those about a spherical charge. In the figure, 
5 = 0° refers to measurements taken off the 
cylinder ends. From the illustration, it is evi- 
dent that orientation of a conventional blast- 
type missile with respect tc the target may be 
important. 

4-4.2.2. (C) Charge Composition 

(U) Numerous studies have been conducted 
to rank explosives of different compositions 
according to their effectiveness. The basis for 
this ranking has usually been either free-air 
blast measurements or evaluation of target 
damage. Ranking according to free-air blast 
effects is of interest here (Refs. 33, 34, and 35) . 
The relative damage capabilities of various ex- 
plosives based on target tests is presented in 
Ch. 8. Par. 8-18 in the discussion of aircraft 
targets. 

(U) To rank explosives according to their 
effectiveness usually implies the comparison of 
the resulting shock wave intensity, namely, 
pressure and impulse. Peak pressure and posi- 
tive impulse in shock waves from different bare 
explosives detonated in fiee air may be com* 
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Figure 4-43. Companion of Voriotioa of Wo tl 
Farametmn, Spherical and Cylindrical Chorgei 


pared in a multitude of ways; the two most 
common methods of comparison are : 

1. On the basis of the same volume, con- 
gruent shape, and orientation. 

2. On the basis of ‘he same weight, congru- 
ent shape, and orientation. 

These two methods would be equivalent if the 
densities of the various charges were equal. 
Since variation in densities between the differ- 
ent types of high explosives commonly used is 
not large, either method of comparison is satis- 
factory for military applications. 

(C) Table 4-3 lists the composition of cer- 
tain service-type explosives, in the general or- 
der of decreasing effectiveness. Some of these 
service-type explosives, TNT or Pentolite, for 
examp'.-, cun be cast. Others, like MOX-2B. 
must be pres °d. An infinite variety cf explo- 
sive compositions can be obtained by taking 
combinations of explosives in various propor- 
tions and mixing thun homogcneov*iy. K pres- 
ent trend in mixing explosives it to add me Mltc 
powders, such as aluminum- to an optimum 
amount. The large amount of heat re'eased in 
reactions with metals reerrss to enhanc blast 
intensities, particularly the impulse. Small 
amounts of desensitising agents, usually wax, 
are also frequently added to explosives to in- 
crease safety in handling and firing. Such 
agents tend to decrease ihe blast effectiveness 
slightly. 

(C) Data has been compiled by W. D. Ken- 
nedy (Ref. 34) on the order of effectiveness of 
explosives based on air blast measurements, as 
conducted in the United States and Great 
Britain. This comprehensive report lists the 
side-on peak pressures and impulses of various 
explosives as ratios in terms of Composition 13. 
These figures ire b;ised on blast tests using a 
wide range of charge weights (bare charges of 
about one pound up to homos of several thou- 
sand pounds). Table 4—4 provides a general 
idea of the relative, quantitative '•.fectiveness 
of several service type explosives. Certain 
qualifications are in order. It is to be noted 
that the differences in relative intensities are 
small, as is generally the case for all the com- 
mon service explosives. Torpex-2 i3 usually 
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TABLE 4-3 (C). COMPOSITION OF CERTAIN SERVICE TYPE EXPLOSIVES CUI 




Composition 


Explosive 

Per Cent 
by Weight 

Components 

Typical 

Specific Gravity 

Torpex-2 

42/40/18 

RDX/TNT/A1 

1.76 

, !wX-2B 

54/36/4/6 

Al/NH.ClO./TNT/y— T - 

2.05 

H-6 

47/31/22 

RDX/TNT/A1 

1.76 

HBX-1 

40/38/17/5 

RDX/TNT/AI/Wax 

1.68 

Triton*] 

80/20 

TNT/A1 

1.70 

Composition B 

60/40 

RDX/TNT 

1.65 

Pentolite 

50/50 

TNT/PETN 

1.61 

TNT 

100 

TNT 

1.60 


cr.asideieu the most effective. Later explosive 
combinations 3uch as Mox-2B, H-6. and HBX- 
1 are considered as effective as, but not su- 
perior to, Torpex-2. Although explosive com- 
binations exist which are several times more 
powerful, they are too sensitive for practical 
military applications. It should also be noted 
that the ranking of the explosives depends on 
scaled distances. Curves derived from excess 
peak-pressure ratio ard scaled positive impulse 

TABLE 4-4 1C). PEAK PRESSURE AND POSI- 
TIVE IMPULSE. RELATIVE TO COMPOSITION B. 

FOP. VARIOUS SERVICE TYPE EXPLOSIVES 
(EQUAL-VOLUME BASIS) (U) 


Explosive 

Relative 

Peak 

P» e&»v to . 

Relative 

Positive 

Impose 

Torpex-2 

1.13 

1.16 

Tritons' 

1.04 

1.96 

Composition B 

^ 1.00 

1.00 

Pentolite 

0.98 

G.DV 

TNT 

G'J l 

0.94 


versus scaled distance, for various charge com- 
positions found in Ref. 33 often intersect at one 
or more distances. Consequently, there is no 
single ranking or effectiveness ratio that can 
be indicative for all cases. However the small 
relative difference between the blast wave in- 
tensities of the commonly used high explosives 
is again demonstrated. 

4-4.3. 1C) Effects of Cborqo Motion 

4-4J.1 . General 

The effect of charge motion (often referred 
to as the velocity effect) on blast parameters 
was first noted during the many aircraft vul- 
nerability tests conducted after World War II. 
Since most projectiles are in motion when 
blast occurs, the study of the effects of this 
motion on the various parameters of the asso- 
ciat-vi blast wave attracted considerable inter- 
est Tests indicated an appreciable amount of 
pressure increase in the direction of motion, 
and a corresponding decrease in the opposite 
direction. Although various theories were ad- 
vanced concerning the velocity effect, proper 
evaluation of these explanations required the 
formulation of considerable amounts of quan- 
titative data. Ae-ordingly, in 19.^2. experi- 
ments were instituted at the Ballistic Research 
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Labot « cories for the purpose of providing such 
data. 

4-4JA SUL Tei t ^racidgrti 

Early experiments at BRL (Ref. 3C) were 
successful in establishing the basic experi- 
mental procedure since used in subsequent mov- 
ing charge tests. Unfortunately, however, the 
instrumentation used was suitable only for 
providing qualitative results. In 1954, using 
minor modification in the procedure, data of a 
more quantitative nature was obtained. This 
still was not sufficiently accurate to establish a 
rigorous theory (Ref. 37). Further experi- 
ments (Ref. 38), however, have provided, 
enough information to substantiate, at least in 
part, a theory explaining the behavior of the 
shock wave produced by a charge in motion. 

The first step in the development of the mov- 
ing charge experiments was to select the type 
and size of charge, and to determine some 
means of propelling the charge at high velocity. 
Because even a light casing will produce suffi- 
cient fragmentation to interfere with the meas- 
urements of free air blast, a bare charge of 
spherical shape was used. The spherical shape 
was chosen since charges of this configuration 
produce roughiy symmetrical shock waves. For 
the projection device, a 57-mm gun with the 
rifling bomJ out to a diameter of 2.293 inches 
was eventually selected. Use of this gun fixed 
the charge weight at 3/8 of a pound. The origi- 
nal experiments used a bare charge of Compo- 
sition B (Par. 4-4.2.2, preceding) traveling at 
a velocity between 1,790 and 1,900 ft/sec. In 
about 40 per cent of these shots, the charge 
broke up prior to detonation, thus spoiling the 
test. Based on the work of B. F. Armendt (Ref. 
39), to eliminate this problem a Fiberglas-rein- 
forced Pentolite charge was substituted for 
Composition B. Pentolite charges have been 
used in all recent experiments. 

Fig. 4—44 is a diagram of the charge construc- 
tion and gun loading method. The charge is 
cast in a spnerical form with a cylindrical well. 

A small quantity of Composition C-3 and a 
Tetryl bolster is placed in the bottom of the 
well to insure high-order detonation. An elec- 
tric detonator with a small, iron-core, copper 
coil toss its back is placed in the well. Any 


remaining voids are then carefully packed with 
Composition C-3 to proven* the firing forces 
from dislodging any, of the components. 

The charges fuzed in this manner are fired 
through a screen woven from number 40 copper 
wire, which is placed just in front of a station- 
ary coil of heavy copper (Fig. 4-45). As the 
charge breaks through the screen, an electronic 
circuit is broken, discharging a large condenser 
into the coil. The resulting, pulsed, magnetic 
field induces a current in the smai! coil inside 
the charge. This activates the electric detonator 
and detonates the explosive. 

If the measured data are to be sufficiently 
accurate, the point of detonation must be deter- 
mined with fair accuracy. The errors involved 
when using the smoothbore gun system and the 
magnetic detonating system allow considerable 
variation in the point of detonation. To estab- 
lish an accurate fix on this point, two cameras 
equipped with 1-ms electronic shutters and acti- 
vated by a photocell are placed 90 degrees apart 
and 10 feet from the desired point of detona- 
tion. By triangulaiion, the position of the 
charge at the instant of detonation can be lo- 
cated to about 1/4 of an inch. 

The velocity at which the charge is traveling 
is measured by two velocity screens placed 
about eight feet apart. Breakage of the first 
screen activates an electronic counter chrono- 
graph which stops when the second screen is 
broken, thus measuring the time necessary to 
traverse this interval. From this measurement, 
the average velocity over the interval can be 
calculated. 

The peak pressure and positive impulse are 
measured by twelve side-on pressure gages, 
each spanned by a pair of face-on velocity 
gages. The gages are placed at a distance 
of 2.71 feet from the desired point of detona- 
tion, and at angles of lb°, 45°, 75'', 105°, 136°, 
and 165° to the direction of motion of the 
charge, as shown in Fig. 4- 45. When the charge 
detonates, the same photocell that triggers the 
cameras activates twelve counter chronographs, 
one at each angular position. When the shock 
wave reaches the first velocity gage at one of 
the twelve positions, the chronograph corres- 
ponding to that position is stopped, giving a 
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mefiuif of the time of arrival, and a second 
counter is initiated. This second counter is 
stopped when the shock reaches the rear veloc- 
ity grge. thus measuring the time the shock 
has taken to traverse the interval between the 
(rages. From this measurement, the average 
velocity can be calculated, and the peak pres- 
sure at the center of the interval can be found 
from the Rankine-Hugoniot relation: 


£l -Jl 

P. " r + 1 



( 4 - 60 ) 


where P. is the peak excess pressure, P. is the 
atmospheric pressure, y ia tho ratio of specific 
heats for air, V is the shock velocity and C. I* 
the speed of sound (Ref. 38). 

Thus, the system of rhrono(rrapha, velocity 
gages, cameras, and the photocell can measure 


shock arrival time, shock velocity, and peak 
overpressure at twelve locations around the 
detonating charge. Alternate tests with moving 
and stationary chai ses provide a basis for com 
parison, from which the effects of motion on the 
shook wave- may be determined. 

4—4. 3.3. C MpsfiflM Merited l 

The data resulting from these experiments 
seem to agree fairly well with results calculated 
by the theory advanced by C. K. Thornhill and 
R. licthcrir.Kton (Ref. 40). Thornhill and 
lletherington predicted that, close to the sur- 
face of a moving charge, the shock velocity 
cnuln be approximated by vectorial addition of 
the shock velocity of the stationary charge and 
the terminal velocity of the moving charge. The 
experimental time-of-arrival data indicate that 
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the some rule could be applied to the expanded 
shock wave, if the velocity of the center of the 
shock wave resulting from the detonation of 
the moving charge is substituted for the termi- 
nal velocity of tht charge (Hit. 38) . 

The velocity of the center of the shiK-k wave, 
at any given time, can be predicted hy the anpli- 
cation of the principle of the conservati »n of 
linear momentum. Thus, the momentum of the 
charge prior to detonation is established as 
equal to the momentum of the explosion getes 
and air contained bv the spherical smirk. Then, 
assuming the average velocity of ail the gases 
and air contained in the spherical shock is at 
the same velocity as the center of the sphere, 

ir.r, = («•,+«'.) V* (-1—4*1 > 

where = weight of explosive (lbs.), V. — 
terminal velocity of the explosive (ft sec ), 

- weight of air contained by tlu> xplict mil -ibuck 
(lbs.), and K.^the velocity of the center of the 
shock wave (ft/sec.). 

Then, letting equal the density of the air 
(Ibs/cu. ft) and d the diameter of the shock 
sphere (ft), and neglecting the mass of air 
displaced by the explosive charge, the result is 

u>.K.= ^«V+~prp.d , )y« 




(4-4)2) 


Substituting where * is the density 

of the explosive and a the original charge 
radius, into Eq. 4-62. the result is 

J M'V. 

r.-~ j 

-r^a'+^rf.d' 
and dividing through by 

y- V * , 

77 


Lettering r« - » radius of spherical shock 


wave in increments of charge radii, then 

v -_y>- 

‘ <4 ^ 3) 
Pt 

Eq, 4-6." for a known r will then give the 
value of the velocity of the center of the shock 
wave. The distance, r„ that the center has 
traveled in the dir t t ion of the original motion 
at u time t, is then given by the expression 


i 

r,~ jV'JL 


(4-64) 


When viewed from a stationary reference 
frame, the shock velocity on the surface of the 
spherical shock wave produced by the moving 
charge becomes 


Un-U,+ V, 


(4-65) 


where U m is the shock velocity at the diatar.ee r 
and the angle from the original line of motion, 

and U. is the shock velocity at a distance r. 
— ^ 

Once Um is known, the peak pleasure can be 
found. These quantities are illustrated in Fig. 
4-46. 

Fig. 4-47 shows the relationship the point 
of detonation and the center of the spherical 
shock wave. 

Ordinarily, because the measurements are 
made from the point of detonation, only the 
distance R and the angle $ are known. By inte- 
gration, r, may also be found. The distance r 
and the angle 4 can then be found by use of 
the following geometric relations: 

fl*r,cet«+ (r*-r,'«n#)w* (4-66) 


Silty — — Silidt 
r 


(1-67) 


Up to the present, no simple scheme has been 
devised tn allow scaling of the various param- 
eters of altitude, charge weight, charge veloc- 
ity, etc. Therefore, separate computation is 
necessary for each case. Table 4-5 (Ref. 38) 
presents a set of calculations made for a given 
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set of conditions m compand to the actual ex- 
perimental reaulta. 

U. (Ct BUST (NSTIt/MINTATION 
44.1. Sfwnl 

This section ia a summary description of the 
types of instrumentation used in the measure- 
ment of blast parameters. Generalised descrip- 
tions of varioua types of significant instru- 
ments and methods are given. Where applicable, 
discussions are included of the techniques of 
ndudng the data obtained to a more usable 



form. For more complete details on the instru- 
ments, operational reports a. id manufacturers* 
manuals are available for further study. 

The many field tests conducted during the 
past decade have contributed significantly to 
the evolution of blast instruments in their pres- 
ent form. Sandia Corporation, Stanford Re- 
search Institute, the Naval Ordnance Labora- 
tory, and the Ballistic Research Laboratories 
have been outstanding in this respect, and 
should be considered as additional sources of 
detailed information (Refs. II and 42), 

441 Tie Bit Fs*e-es— d f hs thT sIsi H y 

The face-on gage, as developed by Ur. A. J. 
Hoffman and Mr. S. N. Milk, Jr. of tire Ballis- 
tic Research Laboratories, consists cf a pair of 
tourmaline discs assembled in a shallow cavity 
in the face of a solid brass housing (Fig- 4- 
48). The crystal stack is glued into place and 
then immobilised in the cavity by a thermo- 
setting plastic. The gage la des ig ne d to be mas- 
sive enough for its acceleration sensitivity to 
be quite low, but short enough for its lowest 
natural frequency to be well above the 200-KC 
limit of the associated recording equipment. 

The shock-velocity gage, shown iu Fig. 4-49, 
employs ths same active element as the face-on 
gage in a lightweight, shock-mruntrd housing 
(Ref. 43). 
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Coastal Contactor 



0 T50 InX 0 002 In. 

figure 4-48 $tl fa ca-C«i Cog# 

i 

4-4.3. The IKl Stressed* Diaphragm 

This gage is a piezoelectric blast gage for 
recording the side-*>n pressure-time history as- 
sociated with blast waves, Originally developed 
by Mr. Roy Sampson of RRU the gage has lieen 
used with a (Wat deal of success ill small 
charm* (*« pound to fi t pound) nir blast experi- 
ments. 

The sensitive element of the RRL stressed- 
diaphragm gage is a stack of four wafer- 


shaped crystals (made of tourmaline or a syn- 
thetic piezoelectric material), approximately 
0.060 i lira's thick, with silver foil electrodes 
between crystals to collect the charge. The 
crystals are usually one inch or one-half inch 
in diameter, but gages have been built in which 
the diameter of the crystals was ox small as 
one-eighth inch. 

The design principle which is believed to !m> 
most directly n •sponsible for the success of this 
yge is the ^reloading of the crystal stack by 
brass diaphragms approximately (1.020 inch 
thick. Interference between the crystal stack 
and the cavity in the gage housing, of o.oi>:> to 
(1.002 inch, has lieen found to give the liest 
results. Silicon grease- applied between the 
faces of the stack and the brass diaphragms, as 
well as in the clearance around the stack, is 
helpful in damping apuiious oscillations. 

The quality of the workmanship in machin- 
ing the housing, grinding and polishing the 
tourmaline crystals, and assembling the crys- 
tals into the housing iuu lieen found to be of 
the utmost importance in producing gages 
which give records of high fidelity. A schematic 
draw, ng of thia gage is shown in Fig, 4-60. 

Calibration of piezoelectric gages is achieved 
by paralleling known voltages across accurately 
known capacitors. The gage circuit is uhown 
in Fig. 4-61, with a list of significant circuit 
elements. 
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Figure S-60. Dm StoMMl-DiapJiragm Gags 



C#=gage capacitance. 

Ct=eo«ial cable capacitance. 

CV 3 padding capacitance (used to adjust 


aiimal level). 

C,= calibration capacitance. 

input resistance of d.c. amplifier (100 
megohms). 

A ' A = sensitivity of gage (in micro micro- 
coulombs/ psi). 

P-peak excess pressure acting on gage (in 
psi). 

Figure 4-SI . Wiring Dio greet, Itl Cog* 
Calibration Circuit 


For recording, the switch S grounds the cali- 
bration condenser C,. In thia condition, the 
peak voltage V, across ti becomes: 


F.“ 


P'<KA 

C 9 +Cl t-Cr+C, 


( 4 - 68 ) 


Calibration ia performed by switching S 
through the five positions and back to ground. 
When the awitch ia in position 3, for example, 
the voltage F, across R is: 


Vr 


C, 


C.+G7 + C,+C. 


E, 


(4~69» 


where E , ia the voltage at atrp 3 of the switch. 
The voltages V, and V, are proportional to the 
maximum deflection recorded on the film for 
the pressure-time history, and to the thirl cali- 
bration step, respectively. Therefore, the ratio 
of the height of the maximum pressure, k, to 
the height of the third calibration step, g t , b> 
comes: 
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PX.KA 

V, _ C,+C t +CV-fC, PXKA 
Vt OtEi E\ 

C« + C 4 + Cr +C 9 (4-70) 


(«.) 

gA AA 

Tho mlilirntion cnpncitanco can hr meiisurcd to 
sufficient nrniwy on a capacitance bridge. The 
voltages afru'arintr at the varmu.v stops on 
switch, S, are adjusted by comparison with a 
standard cell As previously mentioned, the 
sensitivity of the gngc. AVI . must )>c known. 

4-5.4. Fhetoqrapfclc M«ai«rint>h ll feik 
Pressures 

Measurements can be made of peak air blast 
pressures by photographing the passage of the 
shock wave against an interrupted background, 
such as a fence. This technique is dependent 
upon the principle of refraction. Liirht waves 
passing obliquely from one medium to another, 
in this case from undisturbed air to the com- 
pressed region immediately behind the shock 
wave (Refs. 41 and to), undergo an abrupt 
change in direction. The bending of the light 
rays by the shock wave causes an apparent dis- 
placement nf the background against which the 
shock wave is viewed. By projecting high-speed 
photographs of the event at a much reduced 
rate, the phenomenon can I* olwcrvcd. The 
arrival of the sltock front at the line of sight, 
from the camera to rach fence pole, is evi- 
denced on the Aim records by Apparent distor- 
tion or deletion of successive poles. The shock 
velocity can be determined by counting frames 
between shock arrival at successive poles, and 
measuring time of travel by timing marks on 
the film. 

For the referenced teats, Fasts* camera* 
were used. Each feme was approximately 260 
feet in length, and consisted of 21 pair* of 
poles approximately 12 feet apart. The dis- 
tance between tin two poles in each pair waa 
1.6 feet The cameras were placed with the line 
nf sight perpendicular to the fence at the mid- 
point of the fence. 

Peak overpressures were infernd from the 
shock velocities, which were computed from the 


fence data by use of the iiuiikine-HugouiU 
equation (expressing pressure as a function of 
shock velocity) , as follows: 

where 

P -side-on peak pressure, in psi, 
y=r„tio of specific heats (1.4 for air), 

M- ratio of shock velocity in still air to 
velocity in air ahead of shock, 
and 

P„ - ambient atmospheric pressure, ir. psi. 

Fig. 4-62 illustrates the geometry for the 
fence technique computation. The distances a, 
h, c, d, and k are not scaled, as (he figure is 
intended only aa a guide for following the 
velocity computations. Furthermore, A, is the 
pole distance from R u or r, the radius of the 
shock wave at (, ; and t, is the arrival time of 
the shock wave at r,. Referring to Fig. 4-62, 


d-tun 1 ^ 


0~tan 1 ^ 

L r 5lYf«.ri<22 
, .1 Id / 

0,-tan 1 ( 

R.~b\ „ . 

,TT7)’ f or«S23 

r, = fe sin <0-0, fori £22 
r,=h sin (tf+0,), fori£23 



At, 



where V, = average velocity 
and 

. ri + rit-n 

5 — > 

w here r* t - radius of shock at V 

Before application of the velocity measure- 
ment data to the Rankina-Hugoaiot equations, 
the velocity components of the prevailing wind 
parallel to the fences at the tune of the toot 
were eliminated. This was necessary aa the 
wind effectively increases or decreases the 
velocity of the shock front, depending upon the 
direction of the wind vector in relation to shock 
wave propagation. A wind vector that is tan- 


UNCLASSIFIED 


l 


UNCLASSIFIED 



Ftgurm 4-52. Fiold Sthj/j. Fwto Ttckmqu* Computation 

trout to tho .'lnnk front will have no effect on 
shuck velocity measurements. 

4-5.5. Th* ML Prtsssro-Tlm* ®o<j* 

The BRL mechanical self-recording. nrcs- 
MiiY-time gage is utusl iur the measurement of 
overpressure ami positive impulse resulting 
from *he detonation of nuclear ilcvicea and 
large liigh-cxplosire charges. I* is completely 
self contained. When used on nm '.ear tests, it Ls 
self-initiated. hut it can also U> initiated by a 
voltage transmitted by wire. Interchangeable 
sensing elements are available to cover pressure 
ranges from 0-1 « psi to 0-1 ,00' psi with a 
number of intermediate ranges. 

The pressure sensing capsule of the gage 
(Fig. 4-53) consists of two concentrically con* 
voiuted diaphragms, silver soldered or welded 
together around their periphery, and also silver 
soldered to a mounting base. A spring stylus 
with an osmium-tipped phonograph needle is 
soldered to a mounting poat at the center of the 
movable diaphragm. Pressure entering through 
a small inlet on the mounting base of the cap- 
sule causes the diaphragm to expand, causing 
attached needle to scratch the recording 
medium. The displacement of the recorded 
scratch is proportional to the applied gage 
pressure (Refs. 45 and 46). 


An aluminized glass disc, 8 l /k inches in 
diameter and '/t« inch thick, is rotated under 
the stylus and records its motion. The resulting 
scratch record can be read with a mi.roscope 
of 50 power or more. 

The turntable holding the glass recording 
disc is driven at constant angular velocity by a 
chronumetrically governed d.c. motor. A switch 
operated by a star-gear cant controls the num- 
ber of revolutions of the turntable. 

The components of the gage are mounted on 
an H-chanuel welded to the center of z circular 
steel plate. A sheet-metal can housing the in- 
itiating relay and battery is mounted on the 
free end of the H-frame. Aa interconnecting 
plug provides for electrical coupling between 
the can and the gage mechanism. The entire 
unit is inclosed in a case made of steel pipe and 
plate. Pressure-tight sealing is accomplished 
with a neoprene gasket. Fig. 4-54 shows the 
gage construction, and Fig. 4-55 shows tiie 
gage ready for use. The overall dimensions of 
the gage are about 5 inches in diameter by 10 
inches lung, with the Range top being about 8 
inches in diameter. In normal operation, the 
gage tup is mounted flush with the ground 
surface. 

The standard initiatiur system of the gage is 
a cadmium-sulfide cell backed by a thermal- 
.ionsi ■ spring-loaded link. In testa of ehemi- 



Figuto 4-53. Pronuro Sensing Capsulo, ML 
Seif-Recording Prouuro-Timo Go go 
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ad explosives, & wire signal line can be used to 
replace the photocell, with the starting signal 
occurring at zero time minus 2 seconds. 

*>110 records appearing on the glass d*sc of 
the aelf-recordlug gages are in the form of a 
pressure-time history in polar coordinates. 

The time axis is calibrated by knowing the 
angular velocity of the glass disc, which is de- 
termined by the motor and battery used. The 
pressure axis calibration is a function of the 
sensing capsule used, and is determined by sub- 
jecting the capsule to accurately known static 
pressures and measuring the stylus deflections. 

Thus, for any measured deflection, the pressure 
can be computed from the atatic calibration 
cu.-.e for the particular sensing capsule used. 

A Gaertner Toolmaker’s microscope is an 
effective instrument for reading the ordinates, 

It, of the record at small intervals, Ad. of the 
abscissa (Fig. 4-66). because the digital read- 
out heads on the microscope put the readings 
simultaneously into Telecordex and IBM sum- 
mary punch equipment A computer, such as 
the ED VAC (Electronic Digital Variable Auto- 
matic Computer) can then be used to linearize 





the time and pressure values, and to compute 
peak pressure and positive impulse. 

444. The AtlaaHc Research Air-itas* Gage 

This gage. Illustrated in Fig. 4-67, is manu- 
factured by the Atlantic Research Corporation, 
Alexandria, Virginia. It conaiata of a cylindri- 
cal piezoelectric crystal mounted on a stainless 
steel housing, with leads connecting the crystal 
to a suitable connector. The sensitivity of this 
type of gage ranges from 500 to 1,000 micro- 
micro coulombs per psi, depending upon the 
individual gage. 






4-5.7. Tkt CiitIUwr 6n » 

Hie cantilever-beam gage consists of an 
aluminum strip of predetermined size held rigid 
at one • A and placed face-on to the blast The 
strip y have SR-4 strain gages mounted on 
it to measure bending strain, or it may be un- 
instrumented. If strain gages are used, their 
output is recorded on recording equipment of 
low frequency response, and the maximum 
bending strain due to blast is measured. 

The beam gages can be made of 61 ST alumi- 
num strips one inch wide snd twelve inches 
long. Each gage position can consist of two 
beams, one 0.091 inch thick and one 0.061 inch 
thick. All beams can employ strain gages ex- 
cept those 100 feel or more from the blast 
The beams, mounts, and strain gages of a typi- 
cal inatallation are shown in Fig. 4-58. The 
strain gages are arranged to measure longitudi- 
nal strain at a station one inch above the beam 
clamp. Selected gages arc mounted on each 
side of the beam, so that when a transverse load 
is applied, one gage is in tension, and the other 
is in compression. As a result the resistance of 


one is increased, and the other is decreased by 
the same amount The two raaiataacca are con- 
nected in a bridge circuit using two dummy 
resistors. Using two strain gages in this man- 
ner doubles the sensitivity and cancels out tem- 
perature effects and unwanted axial strains. 
The change of resistance of the gages ia ampli- 
fied and recorded by a commercial magnetic 
oscillograph. 

The beam gages are calibrated by firing bare 
charges of known weights and measuring the 
maximum strain or permanent deformation. 
By varying the distance and charge weights, 
maximum strain can be measured in terms of 
distance from the charge, for given charge 
weights. The beams that deform plastically are 
calibrated in a similar manner, except that 
permanent deflection is measured and plotted 
versus distance from the charge. To determine 
the equivalent charge weight, a calibration 
curve is entered at the distance the gage is 
from the charge. Then, by applying the maxi- 
mum measured strain, the equivalent charge 
weight can be read or interpolated from the 
curve. 


S*ctioR II IC)— -Thermal and Nuclear Radlattoc 


«-*. (II) INTRODUCTION 
4-4.1. Seeps ef the Secflee 

This section discusses the general phenomena 
accompanying the detonation of a nuclear 
weapon, with the exception of blast effects (Ch. 
4, Sec. I). The two major subjects covered are 
thermal radiation and nuclear radiation. The 
thermal radiation paragraph presents data con- 
cerning the measurement of thermal radiation, 
the thermal scaling laws, slant range versus 
exposure data, and the mathematical tech- 
niques for computing radiant exposure. The 
nuclear radiation pangraph discusses in detail 
the units of nuclear radiation, the techniques 
of measuring such radiations, data for both 
initial and residual dosages, and the problems 
associsted with nuclear shielding. 

4 44 . Cress»R s f s reoc s lafermeHee 

As mentioned above, the blast effects of nu- 
clear explosions are presented in Ch. 4, Sec. I. 


General information concerning thermal radia- 
tion and nuclear radiation as kill mechanisms 
ia located in Ch. 2, Secs. XI and XII, respec- 
tively. This material should be read prior to 
the present section. In addition, various chap- 
ters and sections of Part Two present the in- 
formation necessary to apply the data discussed 
here to targets of a specific nature. Cross-ref- 
erences are made, as necessary, to these vari- 
ous, related bodies of information. 

4-7. (Cl THERMAL RADIATION 
4-7.1. (U9 litre docHes 
The extremely high temperatures in the fire- 
ball of a nuclear explosion result in a large 
emission of thermal radiation. The relatively 
large fraction of the total energy of a nuclear 
explosion which ia emitted at thermal radiation 
is one of its most striking characteristics. This 
radiant energy amounts to approximately one- 
third of the total energy of an air-burst weapon 
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yield; it ia sufficient to cause serious bums to 
exposed personnel st considerable distances. 
The duration of the thermal emission depends 
upon the weapon yield, being longer for the 
larger yields (Ref. 1). 

For a surface burst having the same yield 
as an air burst, the presence of the earth’s 
surface results in a reduced thermal radiation 
emission and a cooler fireball. This is due pri- 


wave, and the partial obscuration of the fireball 
by dirt and dust (or water) thrown up by the 
blast wave. 

In underground bursts, the fireball is ob- 
scured by the earth column; therefore, thermal 
radiation effects are negligible. Nearly all of 
the energy of thermal radiation ia absorbed in 
fu&uig and vaporizing the earth. 

The energy of thermal radiation from an un- 
derwater detonation is absorbed increasingly 
vaporization and dissociation of the sur* 


narily to heat transfer to the soil or water, the 
Ustortion of the fireball by the reflected shock ^An 
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rounding medium u the depth of hurst is In- 
creased. Its direct effects are insignificant for 
most practical purposes; e.g., for a 20- KT 
bunt in ninety feet of water, thermal effects 
are negligible. 

If it is assumed that the fireball in a nuclear 
explosion behaves in the same manner as the 
sun, as a perfect radiator < black body), then 
the thermal radiation energy can be related to 
the surface temperature of the fireball by 
Planck's radiation equation, if dx denotes 
the energy density (energy per unit volume) in 
the wave length interval * to x + dx, then; 


2wh c 1 1 

A, V *T - 1 


( 1 - 73 ) 


where e is the velocity of light, h is Planck’s 
quantum of action, A* is the Boltzmann constant 
(the gaa constant per molecule), and T is the 
absolute temperature. 


From the Planck equation it is possible to 
calculate the energy density of the thermal 
radiation over a range of wave U „hs for any 
specified temperature. Results obtained for sev- 
ers! temperatures are presented in Fig. 4-69. 
It may be noted that for temperatures exceed- 
ing 8,000° K (this is the case during must of 
the first radiation prise), most of the thermal 
iwdiation lies in the short wave length ( ultra- 
violet) region of the spectrum. 


As the temperature of the fireball decreases, 
the wave length at which the energy density is 
a maximum increases. By differentiating Eq. 
4-73 with respect to a, and equating the deriva- 
tive to zero, an expression for the wave length 
for maximum energy density. A., can be ob- 
tained. This expression is: 


dl\ 

dx 


*0 


c, 

X*T 


‘6(1— « W) 


where 

then, by trial. 


Ac 

C* c - 7 -» 1.439 cm - 4 K 
k 


K,T 


B4.9661 


where 

A = 


C, 

■= 4.9651 

~T~ 


- (4-74) 


C, 

4.96f»f 


1.439 

■i. 96 o r 


<02898 cm -degree K. 


The wave length for maximum energy density 
is, therefore, iuverscly proportional to the abso- 
lute temperature. 

Since Aba known value, it can then be 
calculated that the maximum energy density of 
thermal radiation falls just into the visible 
region of the spectrum at a temperature of 
about 7,600° K. This value is very close to the 
maximum surface temperature during the sec- 
ond pulse, and it b considerably higher than 
the average temperature during that period. 
It is evident, therefore, that most of the radiant 
energy emitted during the second pulse consists 
of visible and infrared rays, with very little of 
the energy falling in the ultraviolet region of 
the spectrum. 

The intensity of radiant energy b defined as 
the amount of energy passing through one 
square centimeter of surface of a blade body 
per second. By integrating &q. 4-73, it U seen 
that the flux ( intensity) of radiant energy, 4 , 
b related to the absolute temperature by the 
expression 

00 

i^fEidX (4-76) 

+m m T* (4-76) 

where iiii constant equal to 

*. 

=5.6685 XKh*erg/cm« K‘sec 

The total radiant energy intensity from the 
fireball then can be calculated for any required 
temperature. 

As shown in Eq. 4-76, the intensity of the 
radiation emitted from the fireball b propor- 
tional to the fourth power of the absolute fire- 
ball temperature. Berause the surface tempera- 
tures are very high during the primary pulse, 
the rate of energy emission per unit ares will 
also be high. However, because of the short 
duration of the initial pulse, the total quantity 
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of radiation omitted is relatively small when 
oomoared with the quantity emitted during the 
second pulse. 

The total rate of emission of radiant energy 
can be obtained by multiplying Eq. 4-7 B by the 
surface area of the fireball. If the radius of the 
fireball is represented by the symbol R, then 
the area of the fireball is irk 1 , and the total 
rate of thermal energy emission is aT'X4xR’. 
Because power is defined as the rate of produc- 
tion or expenditure of energy, this is the same 
as the thermal power. Then, representing the 
thermal power by the symbol P, 

If <4-77) 

P=7.13X10-* T' R* ergs per second 
where T is in degrees K and R is in cm. 

However, due to a number of factors, the 
fireball does not act as a perfect radiator. This 
has been proved conclusively by the results of 
a number of tests. During the first radiation 
pulse the surface temperature is modified by 
the disturbed air immediately around the fire- 
ball. At later stages, the temperature is not 
that of the surface, but the result of radiation 
some distance inside the fireball, in addition, 
the radius of the fireball during the second 
pulse becomes extremely difficult to determine, 
because the surface of the fireball becomes very 
diffuse. Because the fireball radius and surface 
temperature will depend on yield, a different 
curve will be obtained for every value of energy 
yield. By meant of scaling laws it is possible 
to generalize the results, however, so that a 
curve applicable to the second pulse can be ob- 
tained for all energy yields, from a single set 
of calculations. The therr.ial scaling laws will 
be discussed in detail in Par. 4-7.4, following. 

4-7.2. (U) Meessreewef Techniques 

4-7X1. Ualtt ml M leeswesMS# 

Because radiant flux is a flow of energy, its 
value may be expressed in any of the units of 
power (the amount of energy per unit time) . 
For example, the solar constant (intensity of 
radiation from the sun) is usually expressed 
as the energy in calories that faila in one min- 
ute upon a square centimeter, at the earth’s 
mean distance, and normal to the sun’s rays. 


Ergs, joules, calories, or BTU/second. watts, 
or even horsepower {all per some unit area) 
may be used. Host physicists, however, prefer 
calories-per-square-oentimeter. 

When measuring spectral radiant energy, the 
unit of wave length must also be defined. The 
four most common sets of units, with their 
symbols and values are presented in Table 4-6. 

Whichever units are used, care must be taken 
when absolute measurements are to be made, 
because the numerical constants { for example, 
the constants of the Planck equation) are given 
for a definite unit of wave length. If the e.gj. 
units for the constants are used, the wave 
length mast be expressed in centimeters. 

4-7X2. CelJbratfoa of Imtn u uf s 

Radiant energy measurement divides itself 
into two classes: the measurement of the total 
radiant energy, or flux, for all wave lengths; 
and the measurement of the thermal flux for 
various wavelength intervals. The first meas- 
urement is the easier of the two, as a single 
measurement may suffice. However, for accu- 
rate results, the receiver must have the same 
radiant energy absorption characteristics for 
all wave lengths present 
For spectral-radiant-energy measurements, 
the absorption characteristics of the receiver 
may be included in the instrument calibration 
for any particular wave length. There are two 
problems involved in measuring spectral radi- 
ant energy: the separation of the energy into 
different wavelength intervals;' and the meas- 
urement of the energy within these intervals. 
In addition, the radiant energy must be sepa- 
rated into intervals permitting energy meas- 


TAIU 4—4. UNITS OF WAVI UNOTM 
MEASUREMENT 


Unit 

Symbol 

Value 

Micron 

A 

In =10-* nun 

Millimicron 

ny 

1 mp “ 10-* nun 

Angstrom 

A 

I A = Hr* mm 

X-Unit 

XU 

1 XU - HP** mm 


4-95 


UNCLASSIFIED 


—-UNCLASSIFIED 


uremcnt without too grout an error due to 
stray radiation. 

When measuring total or spectral radiation, 
either comparative or absolute values may be 
desired. If ahsoiute values arc necessary, the 
instruments must be calibrated. The calibm- 
tion of an energy -measuring device consists of 
finding the response of the instrument when a 
known amount of radiation falls upon it. The 
best method of achieving this is to expose the 
measuring device to the radiation from a stand- 
ard radiator (black body) at a definite tem- 
perature, and to then compare the reading 
with the known amount of energy' incident 
upon it. If the surface temperature of the 
black body is known, and the distance to the 
device is measured, by making use of the in- 
verse square law (Ch. 2. Sec. XI) the radiation 
incident ujxin the device can be calculated and 
compared with the reading. 

In practice, however, use of a black body for 
calibration purposes is a tedious and expensive 
operation. Therefore, incandescent lamps cali- 
brated in terms of a specified amount of radia- 
tion per square centimeter at a definite distance 
and direction from the lamp, may be used. 
These lamps can be obtained from the National 
Bureau of Standards. To obtain a calibration 
for spectral measurements, relative intensities 
within the visible spectrum for a inmp or other 
source of known luminous intensity may be 
measured, and a summation taken of the prod- 
uct of this relative energy and the relative lu- 
minosity, wave length by wave length. The 
calibration constant is then given by the candle- 
poWer of the lamp, or other source, divided by 
this sum. 

4-7 JJ. loslc CoasIderaNaas 

For the general case, the amount of radiation 
that passes from the source to the measuring 
device is geometrically dependent upon the dis- 
tance between the two surfaces, the size of the 
two surfaces, and their respective orientation 
with respect to the line joining them. This 
constitutes five geometric parameters. In actual 
practice, the receiver is generally mounted per- 
pendicular to the line joining the two surfaces, 
and is calibrated to record the incident energy 
per unit time and unit area. This eliminates 


the measurement factors of size and menta- 
tion of the receiver, ami reduces the variables 
to three. In addition, for a nuclear detonation 
the orientation of the source is not a variable, 
because the source radiates in ait directions. 
Thus, for field measurements of a nuclear det- 
onation. the amount of radiation is geometri- 
cally dependent upon two factors: the distance 
between the source and the measuring device; 
and the size of the fireball. 

The field of radiant- energy measurements in- 
cludes not only the free-field measurements de- 
scribed above, but the study of the alterations 
produced in the characteristics of bodies upon 
which the energy falls or through which it 
pusses (i.e.. the reflection, aljsorption, and 
transmissivity of material bodies. Because 
these values are ratios, only relative calibration 
of the measuring devices is required. For ob- 
jects more than a few wave lengths thick, the 
reflection depends only on the surface charac- 
teristics, while the absorption and transmis- 
sivity vary with thickness. 

4-7J.4. Jestaumatotlea 

а. Calorimetry 

Calorimetry is the measurement of quantities 
of heat. In general, the quantities of heat are 
measured indirectly by observing the effects of 
the heat on various substances. Heat effects 
most frequently used for measurement are: the 
rise in temperature of n mass of known heat 
capacity; the change of state of a substance 
of known latent heat; and the transformation 
of energy. In order to execute heat measure- 
ments, a system of units must be obtained. 

For instance, if the quantity of heat required 
to melt one pound of ice is known, the measure- 
ment of any unknown quantity of heat can be 
reduced to the simple act of determining how 
many pounds of ice can be melted by that un- 
known quantity. Such is the principal of the 
calorimeter. Another and more familiar meas- 
urement unit is the quantity of heat required 
to change the temperature of one kilogram of 
water one degree centigrade (from 15° C to 
16° C) . This unit is defined as the calorie. 

б. Rudiomaltr 

The radiometer is an instrument designed to 
measure the quantity of radiant energy by de- 
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tormliiinj? iU mechanical vffoct It consists of 
cnwaed *rms of very fine glass which have 
vanes of thin mica at their extreme ends. These 
vanes are blackened on one side with all black* 
ened sides facing in the same direction around 
the axis of rotation. The instrument is sus- 
pended by a quartz fibre in un evacuated glass 
vessel. When the vanes are exposed to rays 
of light or heat they rotate with a speed pro- 
portional to the strength of the thermal rays 
to which they are exposed. Ir. principal, heat is 
absorbed by the blackened side of the vanes and 
is then transmitted to such rarefied gas par- 
ticles as remain in the vessel. The energized 
particles thrust against the vanes and effect a 
torsional moment Modern radiometers are ex- 
treme!.' efficient ar.d accurate even when only a 
single reading is taken. 

c. Spectroscope 

The spectroscope is an optical device which 
uses prisms, diffraction gratings, or interfer- 
ometers to separate radiant energy into its 
constituent wave lengths to produce a spec- 
trum. This spectrum may then be observed 
visually, recorded photographically, or detected 
by radiometric means. Among the more im- 
portant uses of the spectroscope is the study of 
the emission and absorption of radiant energy 
by matter. Wave lengths may he found to an 
accuracy cf 0.001 with a small prism spectro- 
scope, by usin * * ***** diffraction 

grating device, and within i* ‘ 

Fabry-Perat interferometer is utilized. 

i. Summary 

The radiant energy measuring devices de- 
scribed are general classes of instruments. 
No attempt has been made to present de- 
tailed information pertaining to specific in- 
struments with the general class. The prob- 
lems involved in modem quantitative meas- 
urement of thermal radiation necessitate the 
use of many specially designed measuring de- 
vices. These instruments, although in general 
adhering to the basic principles of calorimetry, 
radiometry, and spectography, are much more 
elaborate than the simple devices discussed. 


Detailed information concerning the specific 
types of radiant energy measuring equipment 
can be found in Refs. 48 and SO. 

4-7 J. (C) teeny PeHHiee 

Energy partition is defined at the distribu- 
tion of the total energy released by a nuclear 
detonation among nuclear radiation, thermal 
radiation, and blast. Energy partition depends 
primarily upon environmental conditions; i.e., 
whether the detonation takes place in air, un- 
der ground, or under water. Furthermore, 
energy partition has meaning only when related 
to a particular time after detonation. For ex- 
ample, if evaluated within the first minute, the 
energy partition of a nuclear detonation in free 
air, under ambient conditiona varying from a 
homogenous sea level atmosphere to the condi- 
tions existing at 50,000 feet altitude, is in the 
proportion of about 50 per cent blast, 35 per 
cent thermal, and 15 per cent nuclear (5 per 
cent initial radiations, 10 per cent from fission 
products). The energy partition of an under- 
ground burst, on the other hand, is entirely 
different. There is a reduction of thermal radia- 
tion received at a distance due to the amount 
of heat used in vaporizing the surrounding soil, 
and a reduction of ai r blast due to the amount 
of blast energy used to produce cratering and 
ground shock. 

4-7.4. (C) Thermal Sceiiaq 

4-7.4. t. (reseraf 

The fireball has been described (Ch. 2, Sec. 
XI) as emitting thermal radiation in a pulse 
characterized by a rapid rise to a first maxi- 
mum, a decline to a minimum, another rise to 
a second maximum, and a subsequent final de- 
cline. The first phase of this pulse occurs so 
very rapidly that less than 1 per cent of the 
total thermal radiation is emitted. Consequent- 
ly, it is the second phase of the pulse which is 
of interest in weapona-effects considerations at 
altitudes in the lower troposphere. 

Throughout, the fireball may bs considered to 
radiate essentially, though not ideally, as • 
black body, for which the radiant inwer is pro- 
portional to the radiating area end the fourth 
power of the temperature. (See Par. 4-7.1. 
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preceding) . After the radiant power minimum, 
the radiating area and radius increase relatively 
slowly, so that the radiant power is pre- 
dominantly determined by the temperature 
cycle of the fireball. An illustration of the ap- 
parent temperature (and fireball radius) versus 
time, for a 20- KT airburat, is shown in Fig. 
■1-60. It should be emphasised, however, that 
tiie actual radiating urea may vary substan- 
tially from that of the luminous fireball. Very' 
little quantitative information is available con- 
cerning the rate of growth of the fireball fol- 
lowing the time at which the shock front 
breaks away from the fireball (approximately 
0.01S seconds for the 20-KT burst shown in 
Fig. 4— 1*0). Up to the time of break away, 
however, the radius increases approximately 
as the 0.4 power of the time after detonation 
(Ref. 21). 

4-7.4.Z. Thermal Mw 

c. CfWNi 

The. shape of the pulse after the radiant 
power minimum (C t.) is auflficiently similar for 


nuclear detonations, permitting a single curve 
to be used to represent the time distribution of 
radiant power emitted (Fig. 4-61). This curve 
has been developed by using ratios. The ratio 

P t P 

— — is plotted against ratio — » where 

• m, fa i# P a# 

is the ratio of the radiant power at a given time 

to the mnximum radiant power, and is the 

f— 

ratio of time after detonation to the time to the 
second thermal maximum for that detonation. 
The per cent of the total thermal radiation 

emitted versus the ratio — - is also shown on 

laa# 

Fig. 4-61. From this figure it is seen that ap- 
proximately 20 per cent of the total emission 
occurs up to (he time of the second power maxi- 
mum, whereas 82 per cent is emitted prior to 
ten-times- th e-time to the second power maxi- 
mum, By this time, the rate of delivery has 
dropped to such a low value that the remaining 
energy is no longer of significance in damage 
production (Ref. 21). 






QIP 

Oil 


k huirneiUn* far L’tinf Fig. 4-61, 

C wmWM T ka rm a l FuUa 

(1) IV trip ri— 

Pie. 441 shows tha scaled radiant power 
rclativa to tha secoud maximum, and the per 
cent of total thermal radiation emitted, aa func- 
tions of time-after-burst relative to the time of 
the second maximum. The figure applies to 
weapons burst at altitudes between 60,000 feet 
and the surface. Only the second phase (second 
maximum) of the pulse la shown, since the first 
phase includes less than one pet cent of the 
emitted thermal energy and ie usually neglected 
in effects considerations. 

(2) Scaling lYorcdarc 

The second radiant power maximum And the 
time to this peak both scale aa the square root 
of the yield. To determine for a weapon of 
yield “W" KT any instantaneous level of radi- 
ant power, and the corresponding time of this 
level after detonation, the values obtained from 
Fig. 4-61 are multiplied by P-,, and re- 
spectively. The latter are determined by: 

P_=4 W' n KT/sec.-dXlO 11 W'*' cal/sec. 

(4-78) 

*.*=0,032 W' 1 ' sec. (4-79) 

(3) Example 

Given : A 90-KT air burst 

Find: The radiant power at 2 seconds, 

and the per cent thermal radiation 
emitted up to 2 seconds. 

Solution: From the scaling above, 
t,*, =0.032 X (90) ,/ ' =0.304 second. 

For a 90-KT air burst when *=2.0 seconds. 


Reading from Fig. 4-61, for a value of — =6.6, 

(■flfl 

P 

the value obtained for - — = 0.06. 

P m M 

From the scaling above, P^.=4X {90)'- / * KT/ 
sec. =38.0 KT/sec. 


For a 90-KT air bunt when <<=2.0 seconds, 
0.06 =38.0X0.06=228 (±0.68) 

KT/aec. 

Reading from the per cent emitted curve, when 
- — =6.6, gives the value of 76 per cent 

(4) Reliability 

The radiant power values obtained from Fig. 
4—6* are reliable to within ±30 per cent for air 
burst yields between 6 and 100 KT. The reli- 
ability decreases for air burst weapon yields 
lower than, or above, this range. Times are 
reliable to ±16 per cent fur air burst weapons 
in the range 6 KT to 100 MT. For air burst 
weapon yields lower than 6 KT, the times may 
be aa much as 30 per cent higher than those 
obtained from the above scaling relationship. 

For other types of burst, the reliability of the 
scaling of radiant power is expected to be lower 
than that shown for air burets; the reliability 
cannot be estimated accurately, however on the 
basis of available data (Ref. 21). 

4-7.0. rime Stalls* 

a Central 

It has been found that both the time to the 
radiant power minimum and the time to the 
second maximum are proportional to the square 
root of the weapon yield. Thua, for air bunts 
At altitudes below approximately 60,000 feet, 
the time to minimum < (.<«) is 0 0027 IF 1 ' 1 sec- 
ond. The time to the second maximum (* w ) is 
0.032 W'" second. (See Figs. 4-62 and 4-63. 
These figures may also be used for surface 
burets.) It should be noted that for weapon 
yields lower than six kilotona the actual values 
of tmu may be as much ss 30 per cent higher 
than thore given by Fig. 4-62. This is esused 
by the higher nuus-to-y leld ratio characteristics 
of the low yield weapons. These relations indi- 
cate that a one megaton weapon delivers its 
thermal radiation over a period 32 times as 
great aa does a one kilo ton weapon. This can 
be expected to result in variations in the total 
thermal energy required for a given effect. The 
significance of the dependence of delivery rats 
on weapon yields is discussed in the sections 
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TIME RATIO d/t^ * 
fipvn 4-61. Hal of Generalized Thermal Poize 


dealing with thermal injury :md damage (Ref. 

21 ). 

h. loti ruction, for LI tin f Fig*. 4-62 and 
4-63, Time to Second Radiant Power 
Maximum and Time to Minimum, »« Yieid 

(1) Description 

Figs. 4 -ii2 and 4-03 give the time to the sec- 
ond radiant power maximum (l MI > ), and the 
time to the radiant power minimum ( i „ lm ) , both 
as a function of weapon yield for air burst 
weapons ut altitudes below 50,000 feet. The 
figures may also be used for surface bursts. 

(2) Example 

Given: The air burst of a 1-MT weapon. 

Find: The time to the radiant power 

minimum, and tins time to the sec- 
ond radiant power maximum. 

Solution: Find 1 MT on the abscissa of Fig;. 

4-63. and read from the ( wo time 
curves tmi % ~ 0.085 (±0.009) sec- 
ond, and (±0.2) second. 

(3) Krlieliilily 

The times read from the U, t , curve of Fig?. 
4-62 and 4-63 arc reliable to ^10 per cent. The 


times read from the curves of Fig. 4-62 
and 4-63, in the range 6 KT to 100 MT, are re- 
liable to ±15 per cen.. For weapon yields lower 
than 6 KT, the values of t may lie as much as 
30 per cent higher than those given by Fig. 
4-62. (Ref. 21). 

4-7.4.4. Thermal Yield 

a. General 

Measurements of the total thermal energy 
emitted for air burst weapons of low yield indi- 
cate that this therm-1 energy is proportional 
to weapon yieid and is alwut one-third of the 
total yield. From this and Fig. 4-61. a scaling 
procedure for maximum radiant power may be 
derived. Thua 

/»«,,= 4 W ,,/! KT/sec. or 4x 10'- «”'= cal/sec. 

(4-80) 

Measurements from the ground of the total 
thermal energy from surface bursts, although 
not as extensive as those for air bursts, indicate 
that the thermal yield is a little less than half 
that from equivalent air bunts. For a surface 
burst, thermal yield is assumed to be one-sev- 
enth of the total yield. For surface bursts, the 
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•tiling of the aecond radiant power maximum 
(Pm,) cannot be determined on the basis of 
available data. Similarly, there are no data 
which show what the thermal radiation phe- 
nomenology may be for detonation altitudes in 
excess of 50,000 feet. It is expected that the 
thermal energy may increase with altitude of 
bunt. Fig. 4-64 gives a purely theoretical esti- 
mate of this increase (Ref. 21). 


imillIfNIMHMniMMM 


b. f darned— » far Ute Pig. 4 64 , keUtiee 
The r ma l YUd m Omni Altitude 

( 1 ) Deacriptloa 

Fig. 4-64 gives an estimate of the relative 
thermal yield for various burst altitudes. The 
values of atmospheric transmissivity at very 
high altitudes are not known with any cer- 
tainty, but are believed to be only slightly less 
than unity. 


b*«i«gaa»suMlMNMM MU HimwMaaiiMiniiiHiutiiiiiMBMiw ■■■■■ 
■■■■■■■SMMestMiiiMiMimnHaaiiaiHMaBssssiraMUHiiwM&a «•■■■» 
niMHWHHPnuiinmMumuHiiiiRsKRHiifBunsainiBHMvaal 

uwS^nSsSSnM 


HBSiHHiHIBnHHBBEi 

yausiKiuiHiumssEBBBes: 
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Figurw 4-63 ICl, Tim a to Second Radiant Pew* r Maximum tKmJ and Tint la 
Minimum O m iJ, v« Weapon YM d, 0.1 MT to 100 MT iUI 


(2) Procedure 

To calculate for a high altitude burst the 
radiant exposure, Q, at a given slant range, 
use the following equation: 


„ 3.16X10* WF .. 

Q= — cal/sq cm 


where 

W = weapon yield (in KT), 


(4-81) 


F = relative thermal yield (from Fig. 4-64), 
and 

D= slant range from detonation (yards). 

(3) Example 

Given: A 10-KT burst at 60,000 feet 

Find: Radiant exposure at 1,000 yards 

from the detonation. 
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Solution: From Fig. 4-64 the relative ther- 
mal yield, F, at 60,000 feet ia 1.02. 
Therefore, 


3. 16X10* (10) (U8) ,.. , g) 

* UOOO)' 

cal/aq cm. 


(4) RrlUbilUy 

The values given for the relative thermal 
yield are subject to errors of ±15 per cent at 
60,000 feet and to increasingly larger errors at 
greater altitudes. 

4-7.5. (C) Rodlsat Exposure Versus Stoat 
Reave 


4-7J.1. Spectral Characteristics 

At distances of operational interest, the spec- 
tral (wave length) distribution of the incident 
thermal radiation, integrated with resnect to 
time, resembles very closely the spectral distri- 
bution of sunlight. For each, slightly l<«ss titan 
one-half of the radiation occurs in the visible 
range of the spectrum, approximately one-half 
occurs In the infrared region, and a very small 
fraction (rarely greater than 10 per cent) lies 
in tiie ultraviolet region of the spectrum. (See 
Fig. 4-69 for energy densities of various wave 
lengths.) The color temperature of the sun and 
an air bunt are both about 6,000° K. A sur- 
face burst, as viewed by s ground observer, 
contains a higher proportion of infrared radia- 
tion and a smaller proportion of visible radia- 
tion than the air burst, with almost no radia- 
tion in the ultraviolet region. The color 



figure 4-44 (Cl. Moth* Thermal VieW n hint 
Afcihicj'e lltt 


temperature for a surface bunt is about 3,000° 
K. However, a surface borat viewed from the 
air may exhibit a spectrum more nearly like 
that of an air burst 

4-7A.2. atmospheric Trmtsmlttlvlfy 

m. Gtnitrr' 

The atmospheric transmissivity, T. is defined 
us the fraction of the radiant exposure received 
at a given distance, after passage through the 
atmosphere, relative to that which would have 
been received at the same distance if no atmos- 
phere were present. Atmospheric transmissiv- 
ity depends upon several factors; among these 
are water vapor and carbon dioxide absorption 
of infrared radiation, ozone absorption of 
ultraviolet radiation, and multiple scattering of 
all radiation. All of these factors vary with 
distance and with the composition of the at- 
mosphere. 

Scattering is produced by the reflection and 
refraction of light rays by certain atmospheric 
constituents, such as dust, smoke, and fog. 
Interactions (such as scattering) which divert 
the rays from their original path result in s 
diffuse, rather than a direct, transmission of 
the radiation. As a result, a receiver which has 
a large field of view (i.e., most military tar- 
gets) receives radiations which have been scat- 
tered toward it from many angles, as well as 
the directly transmitted radiation. Since the 
mechanisms of absorption and scattering are 
dependent on wave length, the atmospheric 
transmissivity depend* not only upon the at- 
mospheric conditions, but alio upon the spec- 
tral distribution of the weapon radiation, 

In Fig. 4-65, the atmospheric transmissivity 
is plotted as a function of the slant range, for 
air and surface bursts. For each type of bunt 
three sets of atmospheric conditions are as- 
sumed. It is believed that these conditions rep- 
resent the average and the extremes normally 
encountered in natural atmospheres. These 
conditions correspond to the following: a visi- 
bility of 60 miles and a water vapor concentra- 
tion of 6 gm/cu m; 10 mils* visibility and 10 
gm/cu m water vapor concentration; and 2 
miles visibility and 25 gm/cu m water vapor 
concentration. 



The curvet of Fig. 4-65 are plotted to slant 
ranges equal to one-half the visibility of each 
of the three visibility conditions. The reason 
for this is that the transmissivity values have 
not been verified for higher visibility condi- 
tions. As a result, the curves cannot be extra- 
polated to represent greater slant-range dis- 
tances with any confidence. If the curves are 
extended beyond one-half the visibility range, 
there is reason to believe that the values of 
transmissivity would be too high. Where cloud 
cover is appreciable, or the air contains large 
quantities of fog or industrial haze, knowledge 
of the interactions with the radiation is too 
limited to provide estimates of atmospheric 
transmissivity. 

6, FiMfrurlioiu for lit in ft Fig. 4—63, 
Almoiphrric Trantmitiirllr 

(1) Description 

Fig. 4-65 gives the atmospheric transmissiv- 
ity versus slant range for three sets of atmos- 
pheric conditions, for both air and surface 
burst weapons. These curves are presented 
only for illustrative purposes, as they were 
used to derive the radiant exposure versus 
slant range carves of Fig. 4-66. 

The differences between the air burst and 
surface burst curves are caused by the differ- 
ence in apparent radiating temperatures (when 
viewed from the ground), and by the difference 
in geometrical configuration of the two types 
of bunt The three sett of atmospheric condi- 
tions represented are: 

1. 50 mile visibility and 5 gm/cu m water 
vapor. 

2. 10 mile visibility and 10 gm/cu m water 
vapor. 

3. 2 mile visibility and 26 gm/cu m water 
vapor. 

It is believed that these conditions pertain 
to the naturally occurring average and extreme 
atmospheric conditions. 

Reference can he made to the atmospheric 
water vapor concentration curvet in Fig. 4-71 
to ascertain under what conditions of relative 
humidity and ambient temperature a particu- 
lar water vapor concentration will occur. 


(2) Reliability 

The curves of Fig. 4-65 have not been veri- 
fied at ranges beyond one-half the visibility. 
As a result, they are subject to considerably 
reduced reliability beyond these ranges (Ref. 
21 ). 

4-7.S.3. IrfKflM 

If a weapon is burst in the air below a large 
cloud, the thermal radiation is diffusely de- 
flected downward from the cloud, resulting in 
greater radiant exposures at a given distance 
than would be received if no cloud were present. 
If a weapon is burst nesr the earth's surfsce, 
the radiant exposure received at some altitude 
above the earth (aa in the case of an aircraft 
flying above the detonation) will be greater, 
because of the reflected radiation, than that 
which is received on the ground st the some 
distance. If the receiver is directly over the 
burst and the terrain has a high albedo, the re- 
flected "adiation from the terrain may be as 
much as twice the direct radiation. If a reflect- 
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ins or scattering layer such as a cloud, how- 
ever, is between the detonation and the target, 
the radiant exposure received will be reduced 
considerably. 

4-7X4. Celeelaihe ef Radiant Exposure 
a. General 

The radiant exposures at various slant 
ranges from air and surface bursts can be cal- 
culated from the following expressions: 


„ 3.16X10* H' (T) , . t M 
Q- — (air burst) 


and 


(4-82) 


1.36X10* W (T) , . . .. 

Q- (surface burst) 


D' 


where 


(4-83) 


Q=ndiant exposure (cal/sqcm), 

T~ atmospheric transmissivity, 

TF= weapon yield (kiloton), 
and 

D= slant ran^e (yards). 

The values of T for both air and surface 
bursts are obtained from the appropriate 
curves in Fig. 4-66. Curves showing the radi- 
ant exposure (G) as a function of slant range 
<Z» for three atmospheric conditions, for both 
air and surface bursts, are shown in Fig. 4-66. 
These curves are plotted for ranges up to one- 
half the viaibility, for the reasons mentioned in 
the .Par. 4-7.5.2.0, preceding. The surface 
burst curves differ from the air burst curves 
for two reasons: the apparent thermal yield 
from a surface bunt, when viewed from the 
sur^ncv is lower than that for an air bunt; 
a*\d k.is >>ectral distribution of the surface 
bun 4 if sufficiently different from that of an 
sir 1- -'.'i. A) war* int the use of different atmoa- 
ph riv :: . ,ivm; dvity curves. Radiant exposure 
{r a Vint it. the transition zone may be esti- 
mar.-t* •; <-,terpolation between these curves, as 
e-t j • a Pnr. 6, following. It should be em- 
p^isised that these surface burst curves apply 
to the radiant exposure of ground targets. 
When the surface bunt is viewed from the air 
(as from aircraft) the apparent radiating tem- 
perature and the thermal yield will be greater 


than when viewed from the ground. All of the 
curves plotted in Fig. 4-66 an for a total 
weapon yield of one Idloton. For weapon yields 
greater or leas than one kiloton, these radiant 
exposures should be multiplied by the yield of 
the weapon in question. 

b. hulrucliont for (Jtiug Fig. 4" 66, Radimmt 
Expoiure from Air mod Surface Bure U 

(1) Description 

Fig. 4-66 presents the radiant exposure < 
incident radiant energy per unit area) versus 
slant range curves for 1-KT air and surface 
bursts. The solid curves are for the air burst, 
those above 180 W*-* feet For bursts at heights 
between 180 IF*-* feet and the surface, the radi- 
ant exposure will Jie between the correspond- 
ing solid and dashed curves. Until further data 
are obtained, a linear interpolation between the 
two curves should be made for bursta in the 
transition zone (Example 2). For each type of 
burst shown, three curves are presented: 50 
mile visibility and 5 gm/cu m water vapor; 10 
mile visibility and 10 gm/cu m water, vapor; 
and 2 mile visibility and 25 gm/cu m water 
vapor. Fig. 4-66 is based on the air and sur- 
face burst thermal yields and the atmospheric 
transmissivity curves of Fig. 4-65. 

(2) Scaling Procedure 

For a given slant range, toe radiant expo- 
sure, Q, is proportional to the weapon yield, IF: 

Q»~W,' 

In Fig. 4-66, <J, is given for W,=l KT. 

(3) Example 1 

Given: A 40-KT detonation at a burst 

height of 3,000 feet and a 10-mile 
visibility. 

Find: The slant range at which the radi- 

ant exposure la 10 cal/aq cm. 

3000 

Solution: The scaled burst height ia — — — 

(40)** 

= 685 feet; therefore, the air burst 
curve should be used. Then, 

Qi” 10 ^*=0.25 cal/oq cm. 

From Fig. 4-66, the slant mage at which 0.26 

4-106 



cal/sq cm would be received from an air burst 
( visibility * 10 miles) is 3,000 yards. 

(4) Example 2 

Given: A 500-KT detection at a burst 

height of 1.200 feet, and a 60-mile 
visibility. 

Find: The slant range at which the radi- 

ant exposure is 25 cal/sq cm. 

..... 1200 

Solution: The scaled burst height is (60 ^ — 


a 100 feet; therefore, for this tran- 
sition burst, the range sought will 
100 

lie — of the distance between the 
130 

surface and air burst values. Then, 
Q, =25 ^=0.05 cal/sq cm. 

From Fig. 4-66, the ranges at which 0.05 cal/ 
sq cm would occur for surface and air bunts 
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(visibility® 50 miles) are 4,100 and 7,000 
yarda, respectively. The answer is then: 

4,100+12? (7,000-4,100)® 5,700 yards. 

lou 

(5) Reliability 

Factors limiting the applicability of Fig. 
4-66 are discussed in Par. a, preceding. In ad- 
dition, the reliability is expected to decrease as 
the weapon yield is increased above 100 KT, 
and as the slant range is increased beyond one- 
half the visibility, as noted in Fig. 4-65. 

4-7.4. (C) Other lefiueseei •• Thermal 
Redtatiea Propagation 

4-7. 4.1. Tapagropiy and deeds 

Propagation of thermal radiation from a nu- 
clear detonation, like that from the sun, is 
affected by topography and by the atmosphere. 
At close ranges, however, where the fireball 
subtends a relatively large angle, the shadow- 
ing effects of intervening objects such as hills 
or trees are less than are experienced with the 
sun. As discussed earlier, (Ch. 2, Sec. V), 
clouds in the atmosphere significantly affect the 
propagation of radiation through the atmos- 
phere. 

4-lid. Pag aad taste 

Where the burst is in the air above a fog 
covering the ground, a significant fraction of 
the thermal radiation incident on the fog layer 
is reflected upward. That radiation which pene- 
trates the fog is scattered. These two effects 
result in substantial reductions in thermal en- 
ergies incident on ground targets covered by 
fog. White amoke screens act like fog in the 
attenuation of thermal radiation. Reductions 
|U large aa 90 per cent of incident thermal en- 
ergies are realized by dense fogs or smoke 
screens (Ch. 2, Sec. XI). 

44. (Cl NIICLIAI RADIATION 

441. (Ill Is fnAiWa s 

The detonation of a nuclear or thermo- 
nuclear weapon has associated with it certain 
phenomena not typical of conventional high ex- 
plosive bomba. Perhaps the unique phenomenon 
is the emission of nuclear radiation. The nu- 


clear radiations con sist of several types of 
emission: gamma rays, neutrons, beta particles, 
and alpha particles. The majority cf the neu- 
trons and a c onsiderabl e portion of the gamma 
rays are emitted simultaneously with the ex- 
plosion. The remainder of the gamma rays and 
the beta particles are produced by radioactive 
decay of the fissionable materials. Not all of the 
uranium or plutonium is consumed by the ex- 
plosion, and the material remaining emits a 
portion of the alpha rays as a result of natural 
radioactive decay. Other alpha particles are 
produced by hydrogen fusion reactions. 

The nature of the radiations, either by im- 
mediate emission or by radioactive decay, makes 
it convenient for practical purposes to consider 
them as either initial or residual radiations. 

The initial nuclear radiation ia usually de- 
fined as that emitted within a time span of one 
minute after the explosion. The time period of 
one minute is somewhat arbitrary, and was 
originally based on the following data from a 
twenty-ldloton weapon. As a consequence of 
attenuation by the atmosphere, the effective 
range of the radiation is roughly two miles. 
Therefore, as far as effect at the earth’s surface 
is concerned, rays originating from a source at 
an altitude of over two miles may be ignored. 
The rate of rise of the atomic cloud, from which 
the nuclear radiations emanate, ia such that it 
takes approximately one minute for the cloud 
to reach this altitude. 

For a bomb of energy yield greater than 
twenty kilotoua, the distance over which the 
radiations are effective will be correspondingly 
larger than two miles. However, then is also 
an increase in the rate of rise of the atomic 
cloud. Because one factor compensates for the 
other, It is sufficiently accurate to consider the 
effective period of the initial ’radiation as one 
minute. Similarly for a bomb of lower energy, 
the effective distance is leas, bat so also is the 
rate of ascent of the cloud. 

The above considerations are largely relative 
to air burst type detonations. For underground 
and underwater explosions, the line of demarca- 
tion between initial and residual radiation ia 
leas sharply defined, and it is, therefore, lew 
meaningful to make the differentiation. 
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4-40. (U) Nssleor Redlatios Uslts 
4-40.1. General 

In order to express the nuclear radiation ex- 
posures, and to correlate measurement tech- 
niques to energy distributions and physiological 
effects, it is necessary to establish suitable units 
of measurement for the various radiations. The 
unit used to measure the exposure to gamma 
rays at any particular point is referred to as 
the roentgen. 

Radiation measuring instruments do not 
measure the number of roentgens directly. 
However, by suitable design, the phenomena 
observed (e.g., electrical pulses, scintillation, or 
film fogging) can provide a practical recording 
of the exposure in roentgens. The various 
radiation measuring devices (Par. 4—8.3, fal- 
lowing) are thus calibrated with a standard 
gamma ray source. For this purpose, a known 
quantity of radioactive cobalt or radium is 
generally used. The gamma-radiation exposure 
in roentgens from such a source can be meas- 
ured accurately with special laboratory equip- 
ment, and tho measurements then used to 
calibrate field instruments. 

It is generally believed that the harmful con- 
sequences of nuclear radiations to living 
organisms are largely due to the chemical de- 
composition of the molecules present in animal 
or vegetable cells. Fundamentally, it is the 
ionization and excitation caused by nuclear 
radiations that is responsible for this action. 
Therefore, the amount of ionization or the num- 
ber of ion pairs provide a basis for measure- 
ment 

44X2. The IfNlfH Unit 

The roentgen is defined aa the amount of 
g»mma radiations or X-rays which will form 
1.61X10" ion pain when absorbed in one gram 
of air. The absorption of one roentgen is 
equivalent to the absorption of 87 ergs of 
energy per gram of air, at conditions of stand- 
ard pressure and temperature. The roentgen, 
as a unit of radiation dosage, is defined with 
respect to gamma or X-rays, and applies only 
to these radiations. Further, it is a measure of 


the strength of the radiation field at a given 
location, not of the radiation absorbed by an 
individual at that location. The radiation dose 
in roentgens is thus referred to as an "ex- 
posure" dose. 

4-4.2. 3. Roestgea fqsiveiest Physical I hep I 
Unit 

Originally the roentgen equivalent physical 
< rep) was established to meet the need for an 
1 absorbed" dose unit. As previously stated, a 
gamma ray exposure dose of one roentgen is 
equivalent to the absorption of 87 ergs of en- 
ergy per gram of air. Accordingly, the rep was 
originally defined as the dose of any type of 
nuclear radiation that results in the absorption 
of 87 ergs of energy per gram of animal tissue. 
However, it was later found that the exposure 
of one gram of soft tissue to one roentgen of 
gamma radiation was accompanied by the ab- 
sorption of 93 ergs of energy by the tissue. 
The definition of the rep was therefore revised, 
to denote the dose that would produce, in a unit 
volume of soft t>ssue, the same energy absorp- 
tion aa that produced by one roentgen of gamma 
or X-rays, 93 ergs per gram. 

4-4X4. The Rod Unit 

As a unit of measurement, the rep, based on 
the roentgen, is somewhat unsatisfactory for 
several reasons. First, because the number of 
ergs absorbed is based on the amount of energy 
required to produce an ion pair. This quantity 
is relatively uncertain, and as new experimental 
information becomes available, the number of 
ergs in the definition must change. Second, the 
quantity of energy absorbed varies with the 
material irradiated, lo compensate for these 
drawbacks, another unit, the "rad” has been 
introduced. The rad is defined as the absorbed 
dose of any nuclear radiation which is accom- 
panied by the liberation of IOC ergs of energy 
per gram of absorbing material. For soft tissue 
the difference between the rep and the rad (93 
ergs to 100 ergs) is insignificant, and numerical 
values of absorbed dose formerly expressed aa 
reps may be considered essen tially unchanged 
when converted to rads. 
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4-Ui. Tie *e/e«*« IMeg iee) 

I (Ml) Uulf 

! Although all ionizing radiations are capable 
of producing similar biological effects, the ab- 
sorbed dose which will produce a certain effect 
may vary appreciably from one type of radia- 
tion to another. In other words, different radia- 
tions, even though producing the same energy 
absorption per unit volume, have different 
effectiveness ! n producing biological injury. In 
order to evaluate the probable effects of an ab- 
sorbed dose of combined radiations (neutrons 
plus gamma radiations) it is necessary to take 
the relative biological effectiveness (RBF) into 
account. If, for example, a rep (or rad) of 
neutrons is found to cause 30 per cent more 
damage than a rep of gamma rays, it is said 
that such neutrons have an RBE of 1.3. The 
unit of measurement is based on assigning an 
RBE of 1.0 to X-rays or gamma rays having a 
250 KVP (kilo-volt peak). The hazard of other 
radiations ia measured in terms of effectiveness 
relative to rays of this nature. 

The value of the RBE for a particular type 
of nuclear radiation depends upon several fac- 
tors: the energy of the radiation, the nature 
and degree of the biological damage, and the 
organism or tissue under consideration. As far 
as weapons are concerned, the RBE’s are esti- 
mated in terma of disabling sickness and death 
aa consequences of a nuclear explosion. 

The I*h(jh f qs/vefeat Mammal 
It am I Ualt 

Along with the concept of the RBE, it be- 
came advantageous to introduce a unit of 
biological dose called the "rem" ( roentgen - 
equivalent-mamma]). This is defined by the 
equation 

! 

Dose in rtm=Doae in rad X RBE 
1 , (4-84) 

i or, for soft tissue 

Dose in rem=Dose in repiXRBE. 

I (4-86) 

4-417. Tatal Decaff 

i Because the criterion for RBE evaluation ia 
t baaed on the gamma ray RBE being unity, the 
; biological dose in rem, for other radiations, may 

i 


be related directly to the gamma dose in rep or 
roentgens. Host tables of biological effects for 
nuclear radiations are established in terms of 
the total dosage expressed in roentgens. There- 
fore, to use these tables for combined radiation 
results, the gamma dose in roentgens ia simply 
added to the other radiation dosages in rem, to 
determine the total dosage. 

4-4.2.I. The Carla 

The curie is that quantity of radioactive 
material which provides 3.7 X 10" disintegrat- 
ing atoms per second (Ref. 49). One gram of 
radium decays at such a rate. The total amount 
of gamma fission products at one hour after 
the detonation of a 20-KT bomb U 6 x 10* 
curies. One megacurie (10* curies) of. fission 
products per square mile, distributed uniformly 
over an ideal, flat surface, produces a gamma 
radiation dose rate of approximately 4 roent- 
gens/hour, at 3 feet above the surface, at the 
1 hour reference time. 

441f. Damage SlgeMcaaee at tka Mam 

The biological effects of various radiation 
doses are described in general in Ch. S, See. I, 
and are consioered in detail in Ch. 5, Par. 6-16. 
However, in order to provide some indication 
of the significance of the units, it may be stated 
that a single whole-body dose of 25 rera will 
produce no detectable clinical reaults. Larger 
doses have increasingly more seriour. conse- 
quences, and a single exposure of 400 to 600 
rem may be expected to prove fatal to about 50 
per cent of those exposed. Exposures of 1,000 
or more rem over the whole body can be ex- 
pected to produce 100 per cent fatality. 

4-1.3 1 (II) Meossre m eal Teclalqee s 

4-1. 3.1. ffedfeHes-Motter Moot H ama Used tar 
Meassremest 

The human senses do not respond to nuclear 
radiation except at very high Intensities, under 
which conditions of itching and tingling of the 
skin are experienced. Therefore- special instru- 
mental methods have been developed for the de- 
tection and measurement of the various types 
of nuclear radiations, baaed primarily on the 
interaction of the radiations with matter. 

There are three important types of gamma 
ray interaction with matter, aa a result of 
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which the rays are scattered or absorbed. The 
flat of these is generally referred to as the 
photoelectric effect. A gamma ray photon pos- 
sessing a kinetic energy greater than the 
energy which binds the electron to the atom 
transfers all its energy to the electron, which is 
consequently ejected from the atom. Since the 
photon involved ;n the photoelectric effect has 
lost ail it* energy, it ceases to exist The atom, 
after losing the negatively charged electron, 
now has a positive charge. This process is re- 
ferred to as ionization. The magnitude of the 
photoelectric effect, like that of the Compton 
effect, increases with the atomic number of the 
atom and decreases rapidly with increaaing 
energy of the photon. 

The second type of interaction of gamma 
rays and matter is by the Compton effect. In 
this interaction, when the gamma ray photon 
collides with one of the atomic electrons some 
of the energy of the photon is transferred to 
the electron. The photon, with its energy de- 
creased, then usually moves off at some angle to 
its original direction of motion. The electron, 
having acquired an additional amount of 
energy, is converted into an excited (high 
energy) state. This phenomenon is known as 
excitation. The extent of the Compton scatter- 
ing effect is proportional to the number of 
electrons in the atom (Le., to the atomic num- 
ber) . It is greater per atom for an element of 
high atomic number than for one of low atomic 
number. However, irrespective of the atomic 
weight of the atom, the Compton scattering ef- 
fect decreases rapidly with an increase in the 
energy of the gamms ray photon. 

Gamma radiation can interact with matter 
in a third manner, that of pair production. 
When a gamma ray photon with energy in ex- 
cess of 1.02 million electron volts (Mev) passes 
near the nucleus of an atom, the photon may- 
be converted into matter, with the formation of 
a pair of particles: a positive and a negative 
electron. As in the case of the photoelectric 
effect, pair production results in the disappear- 
ance ot the photon. However, the positive 
electron eventually interacts with a negative 
electron to form two photons of 0.51 Mev 
energy. The occurrence of pair production per 


atom, as with the other interactions, increases 
with the atomic number of the material How- 
ever, it also increases with the energy of the 
photon in excess cf 1.02 Mev. 

Neutrons, being electrically neutral particles, 
do not produce ionization or excitation directly 
in their passage through matter. They can, 
however, cause ionization to occur indirectly, 
as a result of their interaction with certain 
light nuclei. For instance, when a fast neutron 
collides with the nucleus of a hydrogen atom, 
enough energy is transferred to the nucleus to 
free it from its associated electron, and the 
nucleus moves off as a positively charged, high- 
energy proton. Such a proton is capable of 
producing a considerable number of ion pairs. 

Neutrons in the slow and moderate speed 
ranges can produce indirect ionization in other 
ways. When such neutrons are captured by the 
lighter isotope of boron (boron-10) two electri- 
cally charged particles of high energy are 
formed— -a helium nucleus (alpha particle) and 
a lithium nucleus. Both of these particles are 
capable of producing ion pairs. 

Indirect ionization can also result from the 
fission of plutonium or urarium isotopes. The 
fission fragments are electrically charged nuclei 
of high energy whirh leave considerable ioniza- 
tion in their path (Ref. 1). 

All of the processes previously described can 
be utilized to measure and detect the presence 
and intensity of nuclear radiations. 

4-1. 1,1. HmitmUou Measeremef lastraaeah 

Two types of instruments, the Geiger 
Counter ind the pocket chamber (dosimeter), 
are based on the formation of electrically 
charged ion pain in a gas and on the conse- 
quent ability of the gas to conduct electricity. 
Normally, a gas does not conduct electricity to 
any great extent, but as a result of the passage 
of nuclear radiations, and the subsequent form- 
ing of ion pain, the gae becomes a reasonably 
good conductor (Re?. 50). 

The operation of scintillation counters de- 
pends upon excitation. When an atom or mole- 
cule becomes excited it will generally give off 
the excess energy within about one millionth 
of a second. Certain materials, usually in the 
solid or liquid state, are able to lose their ex- 
citation energy in the form of visible flashes of 
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light These flashes, or scintillations, can be 
counted by means uf a photomultiplier tube and 
auodated electronic devices. 

In addition to the direct effects of ionisation 
and excitation, there are some indirect conse- 
quences. notably chemical changes. One ex- 
ample is the blackening or fogging of photo- 
graphic film, which appears after iho film ' is 
developed. Film badges for the measurement 
of nuclear radiation usually contain two or 
three pieces of film wrapped in paper which in 
opaque to light, but is rcudily penetrated by 
gamma rays. The degree of fogging observed 
on the developed films is a measure of the 
gamma ray exposure. In addition, self-indicat- 
ing chemical dosimeters are in an advanced 
state of development. With these devices, the 
nuclear radiation exposure can be determined 
directly, by observation of the color changes 
accompanying certain chemical reactions in- 
duced by radiation. 

The instruments employed to detect and 
measure neutron intensities, such as boron 
counters and Assion chambers, are similar in 
general principle to the Geiger counter. 

Tissue-equivalent chambers have been devel- 
oped. In these, the ionization produced indi- 
rectly by neutrons is related to the energy 
which would be taken up from the neutrons by 
animal tissue. 

In addition to the methods described above, 
foil-activation methods have been extensively 
applied to the detection and measuromenl of 
nuetrons in various velocity ranges. Certain 
elements are converted into radioactive Isotopes 
as a mult uf the capture of neutrons. The 
amount of induced radioactivity, as determined 
from the ionization produced by the emitted 
beta particles or gamma rays, is the basis of 
the activation process. The detector is gen- 
erally used in the form of a thin sheet (or foil) , 
so that its effect on the neutron Acid is r. 1 
significant. 

A fission-foil method makes use of Assion re- 
actions. A thin layer of a fissionable material, 
such as an isotope of uranium or plutonium, vs 
exposed to neutrons. The fission products 
formed are highly radioactive, emitting beta 
particles and gamma ny»J By measuring the 



radioactivity produced in this manner, the 
amount of fission, hence the neutron flux, cun 
be determined. 


i 


4-SJ4. dppUceMeas a 4 Mu Fmii Wetted 

The neutron does fin rads) absorbed at a 
particular location, can be determined by apply- 1 
!ng certain calculations to the measurements of 
foil activation. Instrument!, based on ioniza- 
tion measurements are usually calibrated by 
means of foil activation data; thus, they can 
also be used to indicate the dose in rads of neu- 
trons of various energy intervals. Methods are, 
therefore, available for determining neutron 
absorption doses in rads. i 

To determine the biological dose in rems, 
once the absorbed dose in rads has been meas- 
ured. the RBE for neutrons must be known. 

The value of this quantity for neutrons associ- 
ated with a nuclear explosion has been in 
doubt Observations made on mice suggest that 
the RBE of bomb neutrons, at distances where 
casualties due to neutron absorption may be 
expected, is about 1.3. Some confirmation of 
the applicability of a similar value to man has 
been obtained, from an analysis Of the data on 
radiation injury and death collected after the 
nuclear explosions in Japan. It should be noted 
that the RBE is an experience factor, and as j 
such is constantly subject to change. 

The energies of the neutrons received at 
some distance from a nuclear explosion cover 
a very wide range, from severs! million elec- 
tron volts down to a fraction of an electron 
volt. The determination of the complete energy 
spectrum has been calculated by Monte Jarlo 
Code at the Los Alamos Scientific Laboratory 
(Ref. 61). It is possible, however, to obtain a 
general idea uf the spectrum by measurement 
of the neutron intensities within a few speci- 
fied ranges. 

Measurements of this kind an made by the 
use of “threshold” detectors of the activated ; 

foil or fission foil type For example, the ele- j 

ment sulphur acquiree induced radioactivity ' 
aa the result of the uaptu.-e of neutrons having 
energies greater than 2J> Mev. Hence, the ex- 
tent of activation of a sulphur foil is a measure 
of the intensity of neutrons with energy in 
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• xcess of 2.5 Mev. Similarly, tlu> appreciable 
fission of uranium -238 requires neutrons hav> 
ing An energy of 1.5 Mev or more. The differ- 
ence between the two results gives the neutron 
intensity in the energy range of 1.5 to 2.5 Mev. 
Other foil materials which are used in the same 
manner are; neptunium-237, with a fission 
threshold of 0.7 Mev; plutonium-239 (shielded 
with boron), with a fission threshold of 100 
Mev; and gold, which is activated by the very 
slow noulrohs. 

Tlu> results of a scries of measurements, 
tnr.de at various distances from a nuclear test 
explosion, are presented in Fig. 4-67, in which 
ND 1 on a vertical logarithmic scale is plotted 
against D on a horizontal linear scale. N rep- 
resents the number of neutrons per square cen- 
timeter which produce fission, or activation of 
the foils of the indicated material, at a distance 
l) from the explosion. Since th*» actual values 
<>f ND* arc not necessary to this discussion, 
rotative values are given in the figure. 

It will he observed from Fig. 4-67 that the 
variot's lines slope downward to the right, as is 
to 1* expected, indicating a steady decrease in 
the intensities of the neutrons at all energy 
ranges, with increasing distance from the ex- 
plosion. However, the really significant f'-t 
is that the lines are ali approximately parallel, 
lienee. although the total number of neutrons 
received per square centimeter decreases with 
increasing distance, the proportions in the vari- 
ous energy ranges remain essentially the same 
throughout. This is the so-called equilibrium 
spectrum. Thus, one set of foil measurement 
should be sufficient to indicate the total neu- 
tron dose at any given location. 

The conversion from the measured neutron 
flux to neutron dose may he accomplished with 
the following formula (Ref. 62) : 

D n -• [0.029 N,+ 1.0 (Mr. +2.5 (M,,-tf.) 

1-3.2 (N.-M,) 4 :i.9(Af,)] Xl(h» 

(4-86) 

where D«-the tissue dose in rads; N,~ the 
thermal neutron flux; AT,., and M*** the 

number of neutrons per sq cm above the thres- 
hold for plutonium, neptunium, uranium, and 
sulphur, respectively. 


Occasionally, there is no M*, data available. 
If such is the case, the following formula should 
be used to compute the neutron dose; 

Dt= [0.029Ar,+1.8(N„-M.) +3.2W.-M) + 
3.9(M,)]X10 ". (4-87) 

For many uses, the contribution of the thermal 
neutrons to the dose is negligible, compared 
with the fast neutron components, and can 
therefore be excluded from the calculation (Ref. 
53). The basic conversion formula is then: 

D „ = [1.0 ( IV„ • - H* r ) + 2.5 (Af„ - N. ) + 
3-2(M.-M,)+3.9(Mi)]X10\ (4-88) 

Since a statistical error is involved in taking 
the difference of two large numbers, Eq. 4-86 
is often written in the following form: 

D, = [0.029M+1.01V,.. + 1.5A\,+0.7 

(M,+M«)]X1Q". (4-89) 

By combining terms, Eqs. 4-87 and 4-88 may 
be written in similar form. 

4-4.4. (C) Initial Nuclear Radiatioe 

4-4.4.1, (U) General 

The ranges of the alpha and beta particles 
produced by a nuclear explosion are compara- 
tively short and, even when the fireball touches 
the ground, these particles may be regarded as 
insignificant The initial nuclear radiation may, 
therefore, be considered as consisting of only 
the neutrons and gamma rays emitted during 
the first minute after detonation. Both of these 
nuclear radiations, although different in char- 
acter, can penetrate considerable distances 
through the air. Further, both gamma rays and 
neutrons are capable of producing harmful 
effects in living organisms. It is the injurious 
nature of these nuclear radiations, combined 
with their long range, that makes them such a 
significant hazard. 

At distances not too close to ground zero, 
shielding from thermal radiation is a rela- 
tively simple matter. This is not true for the 
initial nuclear radiation. For example, at a dis- 
tance of one mile from the point of burst of a 
one megaton bomb, the initial nuclear radiation 
would probably prove fatal to approximately 
fifty per cent of all humans, even if sheltered 
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by 24 inches of concrete. In contrast, a much 
lighter shield would provide complete protec* 
tion against thermal radiation at the same dis- 
tance* 

The effective injury ranges of thermal and 
nuclear radiations may vary widely. For ex- 
plosions of moderate and large energy /ields, 
thermal radiation can have harmful conse- 
quences at appreciably greater distances than 
can the initial nuclear radiation. However, 
when the energy of the explosion is relatively 
small, such as a kiloton or less, the nuclear radi- 
ation has the greater effective range. 

In discussing the characteristics of the ini- 
tial nuclear radiation, it is preferable to con- 
sider the neutrons snd gamma rays separately. 
Although their ultimate effects on living matter 
are much the same, the two kinds of nuclear 
radiations differ in many respects. 

4-M.2. (U) SamsM toys 

In addition to the gamma rays which accom- 
pany the fission proce.s, additional gamma 
rays are contributed to the initial nuclear radi- 
ation by other sources. A large proportion of 
the neutrons produced in the fission reaction 
are captured by nuclei of nonfissionable ma- 
terial As a result of neutron capture, the nu- 
clei are converted into a new species known aa 
compound nuclei, which are in an excited (high 
energy) state. The excess energy is emitted 
almost instantaneously, as gamma radiation. 
This radiation is referred to as capture gamma 
rays, and the process is referred to as radiative 
capture. 

The neutrons produced in the fission reaction 
can undergo radiative capture with the nuclei 
of atmospheric nitrogen, as wall as with the 
nuclei of the materials present in the bomb. 
The interaction with nitrogen nuclei is of par- 
ticular importance, because the gamma rays 
emitted from this reaction have very high en- 
ergies and are, therefore, much less easily at- 
tenuated. 

In addition to radiative capture by nonfis- 
sionable nuclei, radiative capture may oc jir 
with nude! of radioactive nature, thereby pro- 
viding a further source of gamma radiation. 
AU the gamma rays produced by fission and by 


radiative capture with the bomb materials ap- 
pear in less than a second after the instant cf 
detonation. For this reason, the radiations are 
known as the prompt or instantaneous gamma 
rays. 

The fission fragments, and many of their 
decay products, are radioactive isotopes which 
emit gamma radiations, the half-lives of which 
range from less than a millionth of a second to 
many years. Because the decay commences at 
the instant of fission, and because the rate of 
decay is greatest at the beginning, these radio- 
isotopes make a significant contribution to the 
initial radiation. The gamma rays liberate.! by 
this means are referred to as delayed gamma 
rays. 

The prompt gamma rays, and the portion of ■ 
the delayed gamma rays which comprises the 
initial nuclear radiation, are nearly equal in 
quantity, but they are by no means equal por- 
tions of the initial radiation transmitted from 
the exploding bomb. The prompt gamma rays 
are produced almost entirely before the bomb 
has disintegrated. Therefore, they are largely 
absorbed by the dense bomb materials, and 
only a small portion are actually transmitted to 
the atmosphere. On the other hand, the delayed 
gamma rays are generated mostly after the 
bomb materials have vaporized and expanded 
into a tenuous gas. Thus thane rays suffer little 
or no attenuation before emerging into the at- 
mosphere. With respect to the total initial 
radiation received at a point some distance 
from ground zero, the delayed gamma rays 
and those rays produced by radiative capture 
with atmospheric nitrogen contribute about a 
hundred times as much radiation aa do the 
prompt rays. 

Still another possible source of gamma rays 
may be mentioned. If the nuebar explosion 
occurs nears the earth's surface, the emittad 
neutrons can cause what is referred to as in- 
duced radioactivity in the materials present in 
the earth. This may be accompanied by radia- 
tions which will be part of the delayed gamma 
rays. Since induced radioactivity is primarily 
an aspect of residual nuclear radiation, It will 
be discussed more fully in the section under 
that heading (Far. 4-8.S.3,). 
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As ii to be expected, the gamma ray ex- 
posure does resulting front • nuclear explosion 
becomes less with increasing distances from 
the point of burst The relationship of the 
radiation dose to the distance is dependent 
upon the same factors as those which influence 
the thermal radiation; first, the general do 
crease due to the dispersal of radiation over an 
increasingly larger area as it moves away from 
ground sero; and, second, to an attenuation 
factor due to absorption and scattering by the 
intervening atmosphere. 

4-MJ. (Ill Neetrees 

Gamma rays are electromagnetic and similar 
to X-rays in character, white neutrons are 
nuclear particles of considerable mass. Both, 
however, affect the human body in the same 
manner. Only extremely large doses of these 
radiations con possibly be detected by the 
human senses. Even though neutron radiation 
represents only about 0.026 per cent of the 
total explosion energy, the long range penetra- 
tion characteristics of the neutrons make them 
a significant hazard. 

Essentially, all the neutrons accompanying 
the detonation of a nuclear weapon are released 
in the fission (or fusion) process. All the 
neutrons from a fusion reaction, and approxi- 
mately 99 per cent of those from a fusion 
reaction are produced within s millionth of a 
second of the initiation of the explosion. These 
are referred to as the prompt neutrons. 

In addition, somewhat less than the remain- 
ing one per cent of the fission neutrons, called 
the delayed neutrons, are emitted subsequently. 
Even the delayed neutrons are produced in the 
first minute, therefore, they constitute part of 
the initial nuclear radiation. Some neutrons 
also result from the action of high energy 
gamma rays on the nuclear bomb materials. 
However, neutrons from this source make such 
a minor contribution that they can be readily 
ignored. 

The prompt neutrons, although released in a 
very short time span, are somewhat delayed in 
esca p i n g the environment of the exploding 
bomb. This delay is caused by numerous col- 
lisions of the neutrons with ths nuclei present 
in the bomb residue, resulting in a complex. 


zig-zag path before the neutrons finally emerge. 
The delay in the escape of the prompt neutrons 
is, however, no more than • hundredth of a 
second. 

Although neutrons travel at speeds less than 
that of light, they still travel at such speeds 
that at those distances from the explosion at 
which they represent a hazard nearly all of the 
neutrons are received by the target during the 
first second. Consequently, any evasive action 
initiated at the instant of detonation would 
have little effect in reducing the total neutron 
dose received. 

The neutrons produced in the fission process 
are virtually all high kinetic-energy particles. 
These high energy neutrons are generally re- 
ferred to as fait neutrons The scattering col- 
lisions between the fast neutrons and the 
atomic nuclei result in a slowing down of the 
neutrons, and in a corresponding transfer of 
energy to the atomic nuclei. Therefore, the 
neutrons actually emerging from the bomb may 
have speeds ranging from very fast to very 
slow. 

After these neutrons leave the environment 
of the bomb, they undergo more scattering col- 
lisions with the nuclei of elements present in 
the atmosphere. Because of the lower pressure 
and density, these collisions are less frequent 
in the atmosphere than in the bomb, but their 
effect is important. On the average, the frac- 
tional decrease in neutron energy is greater 
for relatively light nuclei (such as those of 
oxygen and nitrogen) than for the heavier 
nuclei. This results in an appreciable slowing 
of the neutrons during their passage through 
the atmosphere. Further, in some collisions, 
particularly with nitrogen nuclei, the neutrons 
can be captured and become non-effective. The 
probability of capture is greater with tits 
slower neutrons. 

It is important, in connection with the meas- 
urement of neutron radiation, to know some- 
thing of the manner in which the distribute 
of neutron energies (speeds) varies with dis- 
tance from ground zero. From 0 series of 
measurements made at the nuclear test explo- 
sions in Nevada in 1956, for particular 
device tested it would appear that the energy 
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spectrum remains the same over the ranges 
which are of biological Interest. This condition 
is referred to as an equilibrium spectrum. The 
total number of neutrons per unit area received 
at a given distance from ground zero decreases 
with increasing distance, but the proportion of 
neutrons of an/ particular energy range ap- 
pears to be essentially the same, at all distances 
which are biologically of interest (Par. 4-8.3., 
preceding). 

4-I.4.4. (6) Effects of ffffftede end Type of 
Isrsf 

c. Gamuts Radiation 

Air density is the controlling factor affecting 
attenuation of gamma radiation in the atmos- 
phere; consequently, gamma radiation dose 
varies with air density. Fig. 4-68 illustrates 
gamma radiation dose, for different yields, in 
air density of 1.0 atmospheres. Relative air 
density is the ratio of the density under a given 
condition to the density at a temperature of 
0° C and a pressure of 1,013 millibars (mb). 
(Standard pressure**! atmosphere** 1,013 mb 
- 14.7 psi * 29.9 inches of mercury.) Typical 
relative air densities at various altitudes are 
listed in Table 4-7, and information for ob- 
taining relative air density in various situations 
is given in Figs. 4-70 And 4-71. The contribu- 
tion of relative humidity to the atmosphere 
density is negligible as compared arith those 
changes which are due to temperature and 
pressure. Thereto s effect is not included 
in the gamma dost iigures, 

A considerable fluctuation of sir density oc- 
curs after the shock front from s nuclear deto- 
nation has passed a given point. The reduced 
air density in the negative r^»ose allows a heavy 
dose of gamma rays to arrive at the point 
before the sir density returns to its ambient 
value. This hydrodynamic enhancement varies 
with weapon yield, range, and height of burst. 
The enhancement factor increases with increas- 
ing yield and distance, within the ranges of 
interest From a burst dose to the surface of 
the earth, there will be both a direct shock 
wave and a reflected shock wave. As a result 
the shock enhancement of the dose is greater 
for hunts on or near tlie surface than it is 
for higher altitude bursts, where the magni- 


TABLE 4-7 (C). TYPICAL RELATIVE AIR 
DENSITIES III). PRESSURE (PI, AND 
TEMPERATURES HI. AT VARIOUS ALTITUDES 
(Ref. 211 (U) 


Altitude (ft) 

P (mb) 


t 

R 

(° C) 

<° F) 

0 

1.013 

15 

59 

0.95 

2,000 

940 

10 

60 

0.90 

6,000 

810 

0 

32 

0.80 

10,000 

690 

-6 

23 

0.70 

14,000 

580 

-16 

6 

0.60 

20,000 

460 

-25 

-13 

0.50 

26,000 

350 

-36 

-31 

0.40 

34,000 

250 

-62 

-62 

0.30 

43,000 

160 

-56 

-67 

0.20 

66,000 

80 

-66 

-67 

0.10 


tude of the reflected shock wave is small The 
height of burst above which the enhancement 
due to the reflected shock wave becomes negligi- 
ble is taken as the lower limit of an air burmt 
for the initial gamma radiation effect. Although 
a precise determination of this height is diffi- 
cult or impossible, with existing data, a scaled 
height-of-burst of 1,500 W 1 '* feet has been 
estimated as the point at which the changeover 
occurs. 

L Surfs cs Burn 

Fig. 4-68 presents the initial gamins radia- 
tion dose in roentgens, versus slant range, for 
various yields of nuclear weapons detonated on 
the surface of the earth. These curves are pre- 
sented for the relative sir density of 1.0. In- 
structions for interpolating for values of rela- 
tive air density other than that presented in 
Fig. 4-68 are given in Par. e, following. 

The curves of Fig. 4-68 are strictly appli- 
cable only to a receiver in close proximity to 
the earth’s surface, such as a man standing 
on the ground. The received gamma ray dose 
does not all arrive directly as a line-of-sight 
propagation from the source, owing to scatter 
by the atmosphere, and elevation of the man 
to significant distances sway from the surface 
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permits a larger amount of radiation to reach 
him from all directions. correct for this 
effect, the dose shown in tig. 4-68 should be 
multiplied by 1.3 when the receiver is three 
hundred feet or more above the surface, as 
would be the case for personnel in ah craft. 

c. Uuril in the Trensiiio* Zone 

The shock enhancement of the gamnia radia- 
tion dose from weapons detonated near the 
surface will be about the same as that for a 
surface burst This condition holds through 
most of the transition zone, but changes rapidly 
to the air bunt condition near the top of the 
zone. For this reason, the dose from weapons 
detonated in the transition zone should be ob- 
tained from the surface bunt curves (Fig, 4- 
681 in the inanner described. 

d. Air Burti 

Am used in this paragraph, the term air bunt 
refen to a bunt above 1,600 W v * feet The 
shock enhancement factor of the initial gamma 
radiation from an air burst ia about equal to 
that from a surface bunt of half the yield. 
Thus, to And the initial gamma radiation dose 
received by a surface target from a particular 
air burst the dose delivered during the surface 
bunt of a weapon of half that yield must be 
found (which will have the same enhancement 
factor as the weapon of interest). Because the 
gamma flux emitted is proportional to yield, the 
dose delivered during the surface bunt of the 
smaller weapon must then be doubled to obtain 
the doae delivered by the weapon of interest in 
air (Fig. 4-68). If the target la more than 300 
feet above the surface of the earth, the doae 
thus calculated should once again be multiplied 
by 1.3. 

«. Imrtrwetimtu far Velm$ Fig a. 4 6 8 end 
4 (& r Inidti (rfiti— RmIMm Dm* 
for Smrfa ce Bursts, and Air Density 
fnlerpelmien Sheet 

(1) Description 

The curves of Fig. 4-68 present the initial 
gamma radiation dose aa a function of range 
for various yields. From these curves can be 
determined the slant range at which a weapon 
of given yield will produce a specified dose, or, 


conversely, the yield required to produce a 
given dose at a desired range. 

The figure is directly applicable to bursts on 
the surface or in the transition zone (heights 
of bunt up to 1,600 W 1 '* feet), surface targets, 
and conditions of standard relative air density. 
The relative air density to be used is an average 
between bunt point and receiver. Methods for 
obtaining the proper value are detailed in Figs. 
4-70 and 4-71, and far ready reference, atmos- 
pheric properties are Hated in Tables 4-8 and 
4-9. 

Interpolation to obtain the initial gamma 
radiation dose for conditions of relative air 
density other than those presented in Fig. 4-68 
may be accomplished in the following manner. 
Obtain the dose for the burst height and target 
location of interest, and for the two values 
of relative air density closest to the value of in- 
terest. Plot the doses, so obtained, opposite 
their respective relative air densities on the 
accompanying interpolation sheet (Fig. 4-69), 
and connect two points with a straight line. 
The desired dose is then read opposite the in- 



Figure 4-69 fO. BsfaXvs Air P ea sil y Inter p ohtioe 
Sheet iW 
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tersecUon o; this line with the value of relative 
air density in question. When applying this 
method of interpolation, it must be borne in 
mind that the doses most be obtained for the 
same condition of burst height and target loca- 
tion. 

(2) Example 1 

Given: A 10-MT surface burst, with rela- 
tive air density rtM.O. 

Find: The dose at a point on the ground 

3,400 yards from the burst 

Solution: From the 10-MT curve of Fig. 4- 
68, the dose at 3,400 yards is 
4,000 r, 

(3) Example 2 

Given: A gamma radiation dose of 1,900 r, 


when relative air density R*02; 
and a daee of 8200 r, when R * 00 
The gamma radiation daee for re- 
lative air denaity 12*0.7. 

Plot the given daeee on the relative 
air denaity interpolation sheet 
(Fig. 3-11), opposite ft*0.8 and 
R =0.6, respectively. Connect these 
points by a straight line. At the 
intersection of this line, with the 
line representing 8=0.7, the dose 
is reed as 3200 r. 

(4) Reliability 

The curves of Fig. 4-68 apply to surface 
burst weapons in the range of 1 KT to 20 MT. 








^ 


Find: 

Solution: 


TAIU U STANDARD ATMOSPHRtIC CONDITIONS 


Geometric 

Altitude 

(meters) 

Temp. 

<°C.) 

Pressure 

(millibars) 

Denaity 

(kg/cum) 

Sound 

Velocity 

(cm/sac.) 

0 

16.0 

101825 

12250 

84,029.1 

804.79 

18.02 

977.17 

1.1895 

83.91U 

609.67 

11.04 

942.18 

1.1549 

88,794.4 

914.36 

9.05 

908.18 

14210 

83,6704 

1219.14 

7.08 

876.18 

L0679 

88,6572 

12232 

5.09 

848.11 

10656 

38,4892 

3,047.9 

- 420 

696.94 

090474 

822892 

4.571.8 

-14.69 

672.06 

077106 

82,228.0 

6,096.7 

-24.69 

466.00 

0.66810 

31,6052 

7,619.6 

-84.47 

376.60 

024961 

30270.7 

9,148.6 

-4425 

801.48 

045908 

80222.7 

10,667.5 

-6422 

289.09 

088044 

29,6612 

12,191.4 

-64.49 

18828 

0.80266 

292062 

18,7182 

-66.49 

148.16 

nyyim 

29,5008 

15,2392 

*-64U9 

116.64 

0.18766 

292008 

18,287.1 

-56.49 

7221 

011627 

292008 
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Fig w 4-70 (Cl. Matin Air Doniily (Standard AftmoiphereJ (U) 


For yields from 1 KT to 100 KT the doses ob- 
tained ate reliable within a factor of 2. For 
yields greater than 100 KT and less than 1 MT, 
the doses obtained are reliable within a factor 
of 5. For yields above 1 MT the doses obtained 
are reliable within a factor of 10. Extrapola- 
tion to yields greater than 20 MT for surface 
bursts is not recommended. The range ob- 
tained for a given dose will be reliable to within 
10 per cent for yields from l KT to 100 KT, 


20 per cent for yields greater than 100 KT and 
less than 1 MT, and 30 per cent for yields 
greater than 1 MT. 

/. Underground Bunt 

The initial gamma radiation dose from an 
underground nuclear explosion at a depth of 17 
feet is given in Fig. 4-72 for a 1-KT detona- 
tion. For yields between 0.2 and 7.5 KT, and 
depths between 12 and 22 feet, the dose is 
proportional to the yield. Extrapolation to 
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higher yield* U unreliable.' For detonations at 
greater depths, the initial gamma dose is leu 
than that indicated in Fig. 4-72, The magni- 
tude of this reduction with increased depth is 
not known. The gamma radiation from an 
underwater bunt is believed to be similar to 
that from an underground shot, though it may 
well be somewhat greater. The underground 
detonation curves of Fig. 4-72 may be used to 
estimate initial gammn radiation dose as a 
function of distance, for underwater bursts. 

g. Instruction* for Uring Fig. 4—72, Initial 
Gamma Radiation Data for an 
Underground Buret 

(1) Description 

The curves of Fig. 4-72 present the initial 
gamma radiation dose as a function of distance 
for several air densities, for a 1-KT detonation 
1 7 feet underground. These curves may also be 
used for underwater bursts. 

(2) Scaling Procedure 

For other yields, at about the same depth and 
the same relative air density, the dose at a given 
range is proportional to weapon yield For 
relative air density see Fig. 4-70. 

(3) Example 

Given: A 6-tCT burst 15 feet underground, 

with relative air density K=0.9. 

Find: The distance at which 460 r initial 

gamma dose is received. 

4S0 

Solution: The quotient — =90 r dose tor 1 
5 

KT. 

From the curve for J2=*0.9, the range at 
which 90 r is received is 1,100 yards. 

(4) Reliability 

The curves of Fig. 4-72 apply to weapons in 
the yield range from 0.2 KT to 7.6 KT, end for 
actual depths of bunt from 12 to 22 feet Used 
within the prescribed limits, results are good 
within a factor of two, provided the soil at the 
point of burst Is not too different from the soil 
at the Nevada Test Site. The error that would 
be introduced by a very different soil type is 
simitar in origin, but not necessarily in magni- 


tude, to the error that would be expected from 
a distinctly different burial depth. At the pres- 
ent time, the effect of soil type cannot be esti- 
mated. Extrapolation to other yields is un- 
reliable. 

k. Neutron Radiation 

The neutron radiation dose delivered aa a re- 
sult of a nuclear detonation varies widely with 
different weapon configurations. Fig, 4-73 
presents the neutron radiation dose versus slant 
range in various air densities for a 1-KT 
detonation. Fig. 4-74 presents the prompt neu- 
tron dose versus slant iange, for three different 
weapon yields, for surface bursts in relative air 
density of 1.1. The curves of Figs. 4-73 and 
4-74 may be considered as representative of 
fission weapons. From these curves the slant 
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figure 4-71. ASmoiphuric WcSsr Vapor Density n 
Ketatire Humidity for Various Air Temperature* 
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TABU 4-t. AVERAGE ATMOSPHERE 


Geometric 

Altitude 

(meters) 

Temp. 

<°C.) 

Pressure 

(millibars) 

Density 
(kg/cu m) 

Sound 

Velocity 

(m/sec.) 

Minn 

Free Path 
(m) 

0 

+ 16.0 

101325 

12250 

34029 

6.6817X10* 

10,000 

- 4920 

266.00 

4.135 XIO-' 

299.53 

1.9646X10-* 

20,000 

- 56.49 

66293 

8291 X10-* 

295.07 

9.1374X10-* 

30,000 

- 41.92 

11255 

1.786 X10-* 

30423 

4.5484X10* 

40,000 

- 1225 

2.9977 

4.003 X10-* 

32320 

2.0296X10* 

60,000 

-1- 9 A0 

8.786X10* 

1.082 X10-* 

337.03 

7.5023X10* 

60,000 

- 19.94 

2.681 XIO" 

3.492 X10-* 

321.71 

22266X10* 

70,000 

- 5322 

6.321X10* 

1.004 X10-* 

29628 

8.0912X10* 

80,000 

- 7629 

1.224X10 ! 

2.165 X10* 

28126 

3.762 XIO* 

90.000 

- 7629 

2253X10-* 

8.‘*96 XIO* 

28126 

2.033 X10* 

300,000 

- 66.16 

4.629X10** 

7.123 X10-* 

28126 

1.043 XIO-' 

110,000 

- 46.06 

1.187X10“* 

1.589 XIO-’ 

28128 

4.481 XIO* 

>20,000 

- 40.46 

8.610X10-* 

1.216 X10-* 

28126 

1.629 

180,000 

+ 11.74 

1256X10-* 

1299 X10-* 

28126 

6291 

140,000 

+ 89.53 

5236X10-* 

4296 XIO* 

28126 

1286 XIO" 

160,000 

+ 166.82 

2.698xio* 

1.799 X10* 

28126 

3203 X10* 

160,000 

+ 243.61 

L531X10* 

8.554 X10-'* 

28126 

7.872 X10* 

225,000 

4- 494.59 

1208X10-* 

4208 X10** 

28126 

1268 X10* 

600,000 

+1120.73 

8.641X10-'* 

1.197 XIO"* 

28126 

3207 XIO* 


mage cm be determined at which a weapon of 
given yield will produce « epedfle doae. Con- 
versely, the yield required to produce e given 
does at a given range also cm be found. The 
doses predicted from Fig. 4-73 might be high 
| by a factor of ten for weapons containing large 
quantities of neutron a t t en ua t i n g material. A 
better estimate of neutron date for many ape- 
elflc weapon! may be obtained from the Nuclear 
Radiation Handbook (AFSWP-1100), pub- 
lished under a SECRET classification (Ref. 

j 66 ). 

Fig. 4-76 presents the neutron radiation doao 

I 

1 

j 


versus , slant range in various air densities for 
a 1-MT detonation of n t he r m o n uclea r weapon, 
and may be considered as representative of 
fusion weapons. The curves of Figs. 4-73 and 
4-76 may be applied to ell bursts except sub* 
surface. Neutron radiation is not expected to 
be significant for subsurface bursts. 

Adjustment factors for a receiver not on a 
land surface are aa follows. For a receiver at 
water surface (or within ten feet), uae the 
factor of 0.9 with the land surface value. For 
m airborne receiver, 800 feet or more above 
land surface, use the factor of 1.6. 
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L instructions for Using Figt. 4-73 mmd 
'3-74, Neutron Radiation Dose from 
Fission Weapons 

(1) Scaling Procedure 

At a given range and relative air density, the 
neutron dose Is proportional to weapon yield. 
For relative air density, see Fig. 4-70. 

(2) Example 

Given: A 60-KT burst at 2,000 feet above 

the surface, where the pressure at 
the burst point is 935 mb, the pres- 
sure at the surface is 1013 mb. 

Find: The maximum dose at a slant 

rango of 1,730 yards. 

Solution: From Fig. 4-70, the relative air 
density is 0.77. From Fig. 4-73, 
for R =0.8, the dose for 1 KT at 
1,750 yards is 6 rem. Therefore 
the maximum dose for SO KT at 
1,750 yards and K»0.8 is 6X50= 
300 rem 

(3) Reliability 

Depending upon weapon design, the dose 
values in Figs. 4-73 and 4-74 are estimated to 
be low by as much as a factor of 4, for certain 
experimental devices, and can be high by a 
factor of 10 for other weapons. 

/. Instruction* for Using Fig. 4-7S, Neutron 
Rmliniion Dosrn from Fusion Won pons 

(1) Sealing Procedure 

At a given range and relative air density the 
neutron dose is proportional to the yield of the 
weapon. See Fig. 4-70 frr determination of 
relative air density. 

(2) Example 

Given: A 2-btT burst at an altitude of 
2,000 feet above the surface, where 
the pressure at the burnt point is 
800 mb, and the pressure at the 
surface is 800 mb. 

Find: The slant range at which a mini- 

mum neutron dose of 600 rem 
would be received by a surface 
target. 


Solution: From Fig. 4-70 the relative air 
density is 0.77. The corresponding 
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With respect to the rate ot speed of neutron 
travel, any evasive action taken after the in- 
stant of detonation would have little effect. 
For, while it is true that neutrons travel with 
speeds less than that of light, at such distances 
from the explosion that they represent a haz- 
ard, nearly all of the neutrons are received 
within a tenth of a second. This rapid rate of 
delivery exists for neutron radiation regardless 
of yield. 

4-4.44* (U> SUMlag 

a. Oei.trol 

The basic data necessary for accurate con- 
sideration of shielding problems include: the 
variation of dose with distance from the point 
of detonation; the angular distribution of neu- 
trons and gamma radiation; and quantitative 
information, concerning the spectral distribu- 
tion of fast neutrons. Empirical data and for- 
mulae have been collected and presented in the 
preceding sections of this chapter to supply 
dose-distance relationships. The problem of 
providing sufficient information concerning the 
angular distribution and radiation spectrum is 
a more difficult one. 

Until very recently, quantitative information 
in these areas are practically non-existant. In 
January 1960, the Los Alamos Scientific Labo- 
ratory published the results of a Monte Carlo 
calculation of the distribution of neutrons, 
which give neutron fluxes and spectra as a 
function of distance and time (Ref. 62) . The 
Nuclear Jfcoducts Division of the Lockheed Air- 
craft Corporation, in conjunction with the 
Aberdeen Proving Grounds Ballistic Research 
Laboratories, is currently engaged in a study 
of nuclear weapons radiation doses in armored 
vehicles, utilising the Monte Carlo technique 
(Ref. 64). 

Richie and Hurst (Ref. 53) have contributed 
much information on the angular distribution 
of nuclear radiation, and have applied this data 
to studies of light buildings such as those 
present at Hiroshima and Nagasaki. 

The utilisation of these techniques involves 
elaborate computer programs, and a specialized 
knowledge of the subject. Therefore, the dis- 
cussion of shielding which follows will make 
certain basic assumptions, which will allow the 


development of approximate methods of com- 
putation on a more general level. Detail infor- 
mation on the more advanced techniques may 
be found in Refs. 62, 63, and 64. 

6. Cmnu Ray Shielding 

(1) General Consideration* 

Gamma rays are attenuated to some extent 
in the course of their passage through any ma- 
terial. As an approximation rule, it may be 
said that the decrease in the radiation intensity 
is dependent upon the mass of material that 
intervenes between the source of the rays and 
the point of observation. Therefore, it would 
require a greater thickness of tow density ma- 
terial than of high density materiel to provide 
equivalent attenuation. Actually, it is not pos- 
sible to attenuate gamma rays completely, but 
if a sufficient thickness of matter is interposed 
between the radiation source and the target, 
the exposure dose can be reduced to negligible 
proportions. 

In a vacuum, gamma rays travel in u straight 
line with the speed of light. However, in atmos- 
phere, gamma radiation is scattered, particu-' 
lariy by oxygen and nitrogen particles. As a 
result, the gamma rays arrive at the target 
from all directions. Most of the dose received 
will come from the direction of the explosion,' 
but a considerable amount of scattered radia- 
tion will arrive from other directions. A person 
taking shelter behind an embankment or a hill 
will be partially shielded from the direct radia- 
tion, but will still be exposed to scattered 
gamma rays. Adequate protection can be ob- 
tained only if the shelter completely surrounds 
the individual, so that both direct and scattered 
radiations can be attenuated. 

The shielding effectiveness of a given ma- 
terial in decreasing the radiation intensity can 
be conveniently represented by a quantity re- 
ferred to as the half-value layer thickness. This 
is the thickness of the particular material 
which absorbs half the gamma radiation falling 
upon it. Each succeeding half-value layer 
thickness decreases the radiation dose by half, 
as follows: one half-value layer thickness de- 
creases the radiation dose to half of its original 
value; two half-value layers reduce it to one- 
quarter; three to one-eighth; four to one- 
sixteenth, and so on. 
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doM for 1 MT la —=260 rem. 

From Fig. 4-75 ior R^0.8 and a 
dose of 260 rem, reed slant range 
=S,400 yards. 

(3) Reliability 

Reliability is very poor, due to almost com- 
plete lack of data and sensitivity of neutron 
flux to weapon design. Actual dose may be 
within a factor of 10 of dose computed using 
Fig. 4-76. Extrapolation of curves to slant 
ranges less than 2,000 yards is not recom- 
mended. 

4-4.44. (C) Delivery ftete 

In order to determine the amount of radia- 
tion which could bo avoided by taking shelter 
within a second or two of observing the lumi- 
nous flash of the explosion, it is necessary to 
know the rate at which the radiations are de- 
livered. This differs for the gamma rays and 
the neutrons. 

The rate of delivery of the initial gamma 


rays is dependent upon a number of factors, 
the most significant of which an the energy 
yield of the explosion and the di st a nce from the 
point of bunt The percentage of the total dose 
received at various times for two different cases 
is shown in Fig. 4-76. One curve represents 
the rate of delivery at a distance of 1,000 yards 
from a 20-KT sir burst, and the other at 2,500 
yards from a 5-MT explosion. As shown in the 
figure, about 65 per cent of the total initial 
gamma radiation dose is delivered in the first 
second, in the first case, and about 4 per cent 
in the second case. 

It ia conceivable, therefore, that if some shel- 
ter could be obtained within the first second 
(e.g., by falling prone behind a substantial ob- 
ject) in certain circumstances it might make 
the difference between life and death. The 
curves in Fig. 4-76 also show that for a bomb 
of high energy the gamma radiation may be 
emitted more slowly than for one of relatively 
low yield. Avoidance of part of the initial 
gamma ray dose would appear to be more prac- 
tical for explosions of higher energy yields. 
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Th* urn* general rule can be applied to any 
■pedfled fraction. For example, a one-tenth 
| value layer would reduce the radiation by a 

j factor of 10; two one-tenth value layers by a 

factor of 10* (100) , etc. 


Strictly speaking, the half-value layer thick- 
ness concept should be applied only to shielding 
against gamma radiation meeting the following 
conditions: all of the radiation must be of the 
same energy range, because different energy 
gamma rays are attenuated at different rates; 
and the radiation must be mono-directional, or 
the shielding material must be relatively thin. 
Although none of these conditions actually ap- 
ply in shielding against gamma rays from a 
nuclear explosion (the rays cover wide energy 
ranges, are spread out over a considerable area, 
and thick shields are necessary), adjusted half- 
value layer thicknesses can serve a useful, 
practical purpose, by providing a rough ap- 
proximation of the degree of attenuation that 
can be achieved by means of a particular 
amount of shielding. 

The chief materials likely to be available for 
shielding against the initial gamma radiations 
are steel, concrete, earth, water, and wood. 
The approximate half-value layer thicknesses 
for these substances are given in Table 4-10. 
With fair accuracy, the data in the table are 
applicable to thick shields, and to the energy 
ranges that are most significant in the initial 
r^unma radiation. In general, as previously 
stated, the more dense the material, the more 
effective an attenuating substance it makes. 


TAILI 4-10. APPROKIMATI HALF-VAUIC 
LAYER THICKNESSES OF MATERIALS FOR 
INITIAL GAMMA RADIATION 


Material 

Density 
(Ib/cu ft) 

Half-Value 

Thickness 

(in.) 

Product 

Steel 

490 

1.82 

892 

Concrete 

144 

6.0 

864 

Earth 

100 

7.6 

760 

Water 

62.4 

13 

811 

Wood 

34 

23 

782 


From the results la the last column of Table 
4-10, it is seen that the product of the density 
and the half -value thickness for the five ma- 
terials is roughly the same, Consequently, if the 
half-value thickness of a substance is not 
known, but the density is, a fair estimate can 
be made of its effectiveness. This is accom- 
plished by assuming that the product of the 
half-value layer thickness, and the density in 

pounds per cubic feet, iaabout800 pound ^ ttchea . 

cu ft 

The attenuation factor of a given shield can 
be readily calculated from the number of half- 
value thicknesses, together with the data in 
Table 4-10. For example, a 30-inch thick shield 

, .. ... . . 30 Inches . 

of earth will contain — — — ■ — =4.0 half-value 
7(4 inches 

thicknesses. The attenuation factor is then 
2'= 16, so thst the gamma radiation dose will 
have been decreased to l/16th of that which 
would have been received without the shield. 

The calculations may be simplified by the use 
of Fig. 4-77, iu which the attenuation factors 
are plotted for various thicknesses of lead, iron, 
concrete, earth, water, and wood. Suppose that 
at a given location, the gamma ray exposure 
without shielding is 660 roentgens. The thick- 
ness of a material required to reduce the dose 
to 10 roentgens would be found as follows: The 

600 

rw-irri attem-tioii b*r - y-M. tt «■ 

material chosen is concrete, it can be seen from 
Fig. 4-77, thst the attenuation factor of 60 can 
be obtained with 29 inches of concrete. 

The foregoing discussion of Initial gamma 
radiation shielding has been somewhat general 
in nature. Enough information lias been pro- 
vided to enable the user to make reasonable ap- 
proximations of the various materials and 
thicknesses required to successfully attenuate 
the initial gamma radiations. The following 
paragraph will deal with some of the more 
technical aspect! of gamma radiation and ab- 
sorption. 

(2) Theoretical CaMeUanSioM 

If a narrow (collimated) beam of gamma 
rays of a specific energy having an intensity of 

falls upon a thickness, s, of a given material. 


( 

i 
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the intensity, /, of the rays which emerge can 
be represented by the equation, 

/=/, e— (4-90) 

when a* is referred to as the linear absorption 
cofflcient. The distance, x, is usually expressed 
in centimeters, so that the corresponding unit 
for a* is the reciprocal centimeter (cm- 1 )* The 
radiation intensity is defined as the rate at 
which the energy flows past a unit area at a 
given location. It is essentially proportional to 
the exposure dose rate. The value of *,, for any 
material and for gamma rays of a specific 
energy, is proportional to the sum of the Comp- 
ton, photoelectric, and pair production effects 
(Par. 4-3. 3.1, preceding). It can be seen from 
Eq. 4-90 that, for a given thickness, x, of ma- 
terial, the intensity, I, of the emerging gamma 
rays will be less the larger the value of p.. In 
other words, the linear absorption coefficient is 
a measure of the shielding ability of a definite 
thickness of any material. 

The value of under any given conditions 
can be obtained with the aid of Eq. 4-90, by 
determining the gamma ray intensity before 
and after passage through a known thickness 
of a material. Some of the data obtained in 
this manner, for gamma rays ranging in energy 
from 0.5 Mev to 10 Mev, are recorded in Table 
4-1 L. The values given for concrete apply to 
the common mixture having a density of 144 
pounds per cubic foot. For special, heavy con- 


cretes, containing iron, iron oxide, or barytes, 
the coefficients are increased roughly in pro- 
portion to the density. 

3y suitable measurements snd theoretical 
calculations, it is possible to determine the aep- 
are contributions of the Compton Effect (*,), 
of the photoelectric effect (*,), and of pair 
production (*,) to the total linear absorption 
coefficient The results for lead, a typical heavy 
element are presented in Fig. 4-78, snd those 
for air, a mixture of light elements, in Fig. 
4-79. It is seen that for low gamma-ray ener- 
gies, the linear absorption coefficient decreases 
with increasing energy. This phenomenon is 
due to the Compton and photoelectric effects 
( Par. 4-8.3. i. preceding) . At energies in excess 
of 1.02 Mev, pair production begins to make an 
increasingly significant contribution. There- 
fore, at sufficiently high energies, the absorp- 
tion coefficient begins to increase after first 
pasting through a minimum. This is apparent 
in Fig. 4-78. For elements of lower atomic 
weight, the Increase does not commence until 
exceptionally high energies are obtained; e.g., 
about 17 Mev for concrete and 50 Mev for 
water. 

The fact that the absorption decreases as the 
gamma ray energy increases, and may pass 
through a minimum, has an impo-tant bearing 
on the shielding problem. For example, a 
shield designed to attenuate gamma rays of 1 
Mev energy will be much leu effective for 


TAILK 4-11. UNIAK Al SORPTION COKMCJKNTS MB 9AMMA KAYS 


Linear Absorption Coefficient (*) in cm-* 
Gemma Ray — 


Energy (Mev) 

Air 

Water 

Concrete 

Iron 

Lead 

0.5 

1.11 X 10- 

0.097 

0.22 

0.65 

1.7 

LO 

0.81 X 10- 

0.071 

0.15 

0*47 

0.80 

2.0 

0.67 X 10- 

0.049 

0.11 

0.33 

0.52 

8.0 

0.46 X 10- 

0.940 

0.088 

0.23 

0.47 

4.0 

0.41 X 10- 

0.084 

0.078 

0.26 

0.47 

5.0 

0.35 X 10- 

0.080 

0.0T1 

0.25 

0.50 

10 

0.26X10- 

0.022 

0.060 

0.23 

0.61 
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figuro 4-78. Aiuorption Coefficient of Load far 
G amma Rotation 

radiations of 10 M«v energy, btvAUto of the 
decrease in the valo' - of the absorption coeffi- 
cient. This is true regardless of the material of 
which the shield is compared. 

The initial gamma rays from a nuclear explo- 
sion cover a wide range of energies, up to 10 
Hev or more. For the purpose of making ap- 
proximate shielding estimates, an empirical 
value of 4.6 Mev appears to give satisfactory 
results. The half-value layer thicknesses pre- 
sented in Table 4-10 at* based on gamma 
radiation of this energy. 

As n rough approximation, the linear absorp- 
tion coefficient for gamma rays of a particular 
energy has been found to be proportional to the 
density of the shield material; he., the linear 
absorption coefficient divided by the density is 
approximately the came for all substances in 
any specified energy range. Thla quotient is 
generally referred to aa the mass absorption 
coefficient This is espec'ally true for elements 
of low and medium atomic weights, where the 
Compto" effect makes the major contribution 
to the absorption coefficient For the initial 
gamma rays, tho effective mass absorption co- 
efficient has a value e sc to 0.021 for water, 
wood, concrete, earth, and iron; the densities 
being expressed in grants per cubic centimeter. 
The value 0X21 has included in it an adjust- 
ment to allow for the conditions applying to 
thick shields, disc u ss ed subsequently. 

Using the symbol p for the density of the 
shield material, Eq- 4-80 can then be rewritten 


In the form 

(4-91) 

l 

when -p as previously defined, is the attenua- 
tion factor of the shield of thickness * cm and 
density p gm per cubic cm. The factor is, 
also by definition, the mass absorption factor 
and, for initial gamma rays, is taken to be 
0.021. Then: 

Attentuation Factor =«••“*• (4-82) 

and the attenuation factor of a thickness of x 
cm of any material of known density can be 
calculated to a good approximation, provided 
the material consists of elements of low or mod- 
erate atomic weight. 

A half-value layer, as previously defined, is 
the thickness of any material which will attenu- 
ate specified -energy gemma radiation by a fac- 
tor of 2. Thus setting y- in Eq. 4-81 equal to 2, 
it follows that 

(4-83) 

where is the hslf-value layer thickness In 
centimeters. From this equation, it is readily 
shown 

p**«/i“Log» 2-0.693 
and 
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The half-value thickness is, therefore, in- 
versely proportional to the linear absorption 
coefficient of the given material and the speci- 
fied-energy rays, and is independent of the ra- 
diation intensity or dose. 

If the mass absorption coefficient ^ is taken 
to be a constant (0.021) for gamma rays in the 
initial nuclear radiation, then from Eq. 4-94. 


0.693 

M-(p/e) 


0.693 

0.021p 



For a tenth-value layer thickness, 


(4-95) 


10=e<v... 

fi tf r„io = Log, 10 

_ 2.30 2.30 _ 2.30 

p, i*.(p/p) 0.021p 

and 

z,„„=— cm. (4-96) 

p 

Eq. 4-90 is strictly applicable only to cases in 
which the photons scattered in Compton inter- 
actions may be regarded as essentially removed 
from the gamma ray beam. This situation 
holds fairly well for narrow beams, or for 
shields of moderate thickness, but it fails for 
beams with a wide field or for thick shields. In 
the latter case, the photon may be scattered 
several times before emerging from the shield. 
For hroad radiation beams and thick shields, 
such as are of interest with regard to shielding 
from nuclear explosions, the intensity, /, of the 
emerging radiation is larger than that given by 
Eq. 4-90. Allowance for the multiple scatter- 
ing of the radiation is made by the inclusion of 
a build-up factor. This factor is represented by 
the symbol B(z), and the value of B(x) de- 
pends upon the thickness of the shield. Eq. 
4-90 is now written as 


/WJWrw (4-97) 

The magnitude of the build-up factor has 
been calculated for a number of elements, from 
/ theoretical considerations of the scattering of 
photons by electrons. The build-up factors for 
monoenergetic gamma rays having energies of 
4 Mev and 1 Mev, respectively, are given. in 
Figs. 4-50 and 4-81 as functions of the atomic 
number of the absorbing material, for shields 


of various thicknesses, expressed in terms of z. 
The build-up factors in Fig. 4-80 can be applied 
to the absorption of the initial nuclear radia- 
tion, and those in Fig. 4-81 to the residua! nu- 
clear radiation (Par. 4-8.5., following). 

From the preceding discussion, it can be seen 
that the half-value and tenth-value layer con- 
cepts apply only to monoenergetic radiations 
and thin shields, for which the build-up factor 
is unity. However, as already discussed, by tak- 
ing the mass absorption coefficient for the ini- 
tial gamma radiation to be 0.021, an approxi- 
mate empirical correction has been made for 
both the polyenergetic nature of the gamma- 
rays and the build-up factors due to multiple 
scattering of the photons. Consequently, Eqs. 
4-95 and 4-96 are reasonably accurate when 
used to calculate the initial gamma attenuation. 
It may be noted that the attenuation factors in 
Fig. 4-78 also include allowances for multiple 
scattering in thick shields. Figs. 4-81 and 4-82 
may be used in conjunction with Eq. 4-97 if 
more accurate results are desired. 

c. Neutron Shielding 

Neutron shielding is a completely different 
problem than shielding against gamma rays. 
A 3 far as gamma rays are concerned, shielding 
is a matter of interposing sufficient matter be- 
tween the radiation source and the target. 
Such is not the case with neutron shielding. An 
iron shield, for example, will attentuate bomb 
neutrons to an extent, but it is far less effective 



Figure. 4-80. Build-Up Factor a» a Function of 
Atomic Number for Gamma Hoyt in Initial Nuclear 
Radiation (4.0 Mevl 
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Figure 4-8 1 . Bui Id-Up factor at a Function of 
Atomic H umber for Gamma Ray* in Rasidual 
NucUar Radiation It .0 Marl 


than the shields which will be discussed in the 
following: paragraphs. 

The attenuation of neutrons from a nuclear 
explosion involves several different phenomena. 
First, the very fast neutrons must be slowed 
down into the moderately fast range; this re- 
quires an inelastic scattering material such as 
barium or iron. Next, the moderately fast neu- 
trons must be decelerated into the slow range 
by means of elements of low atomic weight 
Water is very satisfactory in this respect. 
Then, the slow neutrons must be absorbed. 
This is not a difficult matter, as the hydrogen in 
water will do the job nicely. Unfortunately, 
most neutron captures are accompanied by the 
emission of gamma rays. Therefore, as a final 
consideration, sufficient gamma attenuating 
material must be included to minimize the 
escape of capture gamma rays. 

In general, concrete or damp earth would 
represent a fair compromise for neutron as 
well as gamma-ray shielding. Although these 
materials do not normally contain elements of 
high density, they do have a fairly large pro- 
portion of hydrogen to slow down and capture 
neutrons, and a considerable portion of calcium, 
, silicon, and oxygen to absorb the gamma radia- 
tions. A thickness of 10 inches of concrete will 
decrease the neutron dose by a factor of ap- 
proximately 10, and 20 inches by a factor of 
roughly 100. The initial gamma radiation 
would be attenuated to a lesser extent, but if a 


sufficient thickness were employed, concrete 
could be used to provide adequate protection 
from neutron and gamma radiation. Damp 
earih may be expected to act in a somewhat 
similar manner. 

An increase in the attenuation factor may be 
achieved by using a “heavy” concrete, made by 
adding a good proportion of an iron oxide ore. 
The presence of a heavy element improves both 
the neutron and the gamma-ray attenuation 
characteristics of the material. The attenua- 
tion of the neutron dose by a factor of 10 re- 
quires about 7 inches of this heavy mix. 

The presence of boron, or a boron compound, 
in neutron shields offers certain advantages. 
The lighter (boson -10) isotope of the element 
captures slow neutrons very readily, the reac- 
tion being accompanied by the emission of 
moderate energy gamma rays (0.48 Mev) that 
are more easily attenuated. The mineral cole- 
manite. which contains a large proportion of 
boron, can be easly incorporated into concrete. 

‘ Neutrons, like gamma-rays, suffer consider- 
able scattering from the atmosphere. However, 
at longer ranges from the point of detonation, 
the atmospheric scattering has so attenuated 
the neutrons that they do not make a large con- 
tribution to the total dose. At shorter ranges, 
as in the case of gamma rays, adequate protec- 
tion can be secured only from a shelter which 
is shielded in all directions. 

The attenuation of a narrow beam of neu- 
trons by a shield can be represented by an equa- 
tion similar to that applied for gamma rays: 

N=N,r**. (4-98) 

Where N. is the neutron dose that would be 
received without the shield, and N is the dose 
penetrating the shield of x cm thickness. The 
symbol I represents the macroscopic cross sec- 
tion, which is similar to the linear absorption 
coefficient for gamma rays. Actually, there is 
a specific value of £ for every neutron energy, 
and for each type of reaction the neutron can 
participate in. However, for shielding calcula- 
tions, an empirical value based on actual meas- 
urements is used. This experimental £ is a 
complex average for all the possible neutron 
interactions over the range of energies in- 
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TAIL! 4-12. EMFIRICAL MACROSCOPIC 
CROSS SECTIONS FOR ATTENUATION OF 
FAST NEUTRONS 


Material 

S(cnr l ) 

Water 

0.1 

Concrete 

0.09 

Iron concrete 

016 


volvod. Some rough values of £ for fast neu- 
trons are contained in Table 4-12; these include 
an adjustment for broad neutron beams and 
thick shields. 

(U) When a substance possesses a relatively 
large macroscopic cross section, this means 
that a smaller thickness cf the material will be 
as effective as a greater thickness of a sub- 
stance with a smaller macroscopic cross sec- 
tion. Thus, concrete containing iron is more 
effective than ordinary concrete. There is no 
simole correlation, however, between the den- 
sity of the material and attenuation, as is true 
in the case of gamma rays. In conclusion, it 
should be emphasized that a good neutron 
shield must do more than attenuate fast neu- 
trons; it must be able to capture the retarded 
neutrons and to absorb any gamma radiation 
accompanying the capture process. 

4-8.5. (C) Residual RadiaNan and Fallon* 

4-C.5.1. (C) General 

Although most of the damage accompanying 
a nuclear explosion occurs within a few seconds 
after the instant of detonation, there is a 
further hazard which extends over long periods 
of time. This hazard, residual nuclear radio- 
activity, is most intense when the weapon is 
exploded at such an altitude that surface par- 
ticles are drawn into the fireball. The intense 
heat of the fireball changes the physical char- 
acteristics of the particles, causing them to be- 
come efficient scavengers of the finely divided 
* radioactive remains of the weapon. Under the 
action of gravity, these particles then fall and 
are deposited over an area which may cover 
thousands of square miles. The size and pat- 
tern of the fallout are determined by such fac- 


tors as particle size, cloud height, and wind 
velocity and direction. 

For an air burst, particularly when the fire- 
ball is well above the earth's surface, a fairly 
sharp distinction can be made between the ini- 
tial and the residual radiation. After the first 
minute, essentially all of the radioactive residue 
has risen to such a height that the nuclear 
radiations which reach the ground are no 
longer significant. The particles are finely dis- 
persed in the atmosphere and descend to earth 
very slowly. For energy yields less than 100 
KT, the height of burst at which fallout ceases 
to be significant is approximately 100 W’ /3 feet. 
For yields in excess of 100 KT, although not 
well substantiated, this height may be conserv- 
atively taken to be 180 W" 4 feet. 

With surface and, especially, subsurface ex- 
plosions, the demarcation between initial and 
residual radiation is not as definite. Since some 
of the radiations from the bomb residues will 
be within range of the earth’s surface at all 
times, the initial and residual radiation cate- 
gories will merge continuously with each other. 
For very deep underwater and underground 
bursts, the initial radiation may be ignored. 
The only radiations of significance are those 
arising from the bomb residues, and these can 
be treated exclusively as residual nuclear radia- 
tion. 

4— 8.5.2. f U> Fission Products 

a. General 

The fission products constitute a very com- 
plex mixture of some 200 different isotopes of 
35 elements. Most of these isotopes are radio- 
active, decaying by the emission of beta par- 
ticles and gamma radiation. Approximately 
0.11 pounds of fission products are formed for 
each kiloton of fission energy yield. Initially, 
the total radioactivity of the fission products is, 
extremely large, but the radioactivity falls off 
at a fairly rapid rate. 

At one minute after a nuclear detonation, the 
radioactivity from a one-kiloton weapon (0.11 
pounds of fission products) is comparable to 
that of a hundred thousand tons of radium. 
Thus, it can be seen that the radioactivity pro- 
duced by megaton explosions is enormous. In- 
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deed, the radiation intensity at the end of the 
tint day is still large, even though it has de- 
creased by a factor of about 6,000 from the 
concentration present one minute after deto- 
nation. 

An indication of the rate at which the fission- 
product radioactivity decreases with time may 
be obtained from the following approximate 
rule: for every seven-fold increase in time 
after the explosion, the activity decreases by a 
factor of ten. For example, '.'sing the radiation 
intensity at 1 hour after det -nation aa a refer- 
ence point, at seven hours after the explosion 


the intensity will be 


Intensity at 1 hr 


hours it will be 


10 

Intensity at 1 hr 


at 7’ 


will be 


10 « 

Intensity at 1 hr 
10 1 


at 7’ hours it 
etc. This rule is 


roughly applicable for ubout 200 days after the 
explosion, after which time the radiation inten - 
sity decays at a more rapid rate. 

6 . RmJIation Dote Roto 
Fig. 4-62 presents data concerning the de- 
crease of activity of the fission products, by 
plotting the time after the explosion against 
the ratio of the exposure-dose-rate to the one- 
hour-reference-dose-rate. It is to be noted that 
at great distances from the ground zero of high 
yield explosions, the fission products may not 
arrive until several houra have elapsed. Never- 
theless, the hypothetical dose rate at one hour 
is still used as a reference in making calcula- 
tions. In such a case, the reference vulne is 
defined to be what the dose rata would have 
been one hour after the explosion, if the fallout 
had been complete at that time. 

For example, at a given location the fallout 
commences at five houra after detonation. At 
16 hours the fallout is complete, and the ob- 
served dose rate is 2.9 roentgens per hour. 
Entering Fig. 4-82 at 16 hours, on the lower 
scale, /*nd reading the scale at the left opposite 
the Intersection of the curve and the 16-hour 
, 1 hr ref. dose rate <r/hr) 
line, it is found that — - — - — . ■ " . ■ . — 

dose rote (r/hr) 

« 0.039. From this the 1 hour reference dose 
3.9 


rate 


0.039 


100 roentgens per hour. 


By means of this reference dose rate and the 
curve, it is possible to determine the dose rate 
at any lime after detonation. Thus, if the dose 
iate at 24 houra is desired, Fig. 4-82 is entered 
at the point representing 24 hours on the hori- 
zontal scale. Moving vertically until the plotted 
curve is intersected, it is seen that the required 
dose rate is 0.02 times the 1-hour reference 
dose rate, or 0.02X 100 = 2 roentgens per hour 
(r/hr). 

If the dose rate at any time is known, the 
rate at any other time can be determined by 
comparing the ratios to the 1-hour reference 
for the two given times. For example, if the 
dose rate at 3 hours is known to be 60 roent- 

0.031 

gens, the value at 18 hours is 50X -j - ^- »6.7 

r/hr, where 0.031 and 0.27 are obtained from 
Fig. 4-82. 

The results in Fig. 4-82 also may be repre- 
sented in an alternate form, as in Table 4-13. 
This is a more convenient, although less com- 
plete presentation of data. The 1-hour refer- 
ence dose rate is taken aa 1,000 (any radiation 
units desired). The dose rates at a number of 
subsequent times arc given in the table. If the 
dose rate at any time after the explosion is 
known, the dose rate at any other time, within 
the limits of the table, can be determined by 
simple proportion. 


TAIL! 4-13. RELATIVE DOSE RATES AT 
VARIOUS TIMES AFTER A NUCLEAR 
EXPLOSION 


Time Relative 
(hours) Dose Rate 

Time 
■ hours) 

Relative 

Dose Rate 

1 

1,000 

80 

17 

l Vi 

610 

40 

12 

2 

440 

60 

7.3 

3 

270 

100 

4.0 

5 

150 

200 

1.7 

7 

97 

400 

0.76 

10 

63 

600 

0.46 

16 

39 

800 

0.33 

20 

27 

1,000 

0-26 
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Fig. 4-82 and Tabla 4-13 are used only for 
the calculations of dose rates. In order to 
determine the actual or total radiation dose 
received it is necessary to multiply the dose 
rate by exposure time, taking into account the 
decay of the fission products with time. 

The mixture of radiosotopes constituting the 
fission products is so complex that a mathe- 
matical representation of the rate of decay in 
terms of individual half lives is impractical 
However, from experimental data it has been 
determined that, for the period of several min- 
utes to several years after detonation, the over- 
all rate of radioactive decay can be expressed 
by the relatively simple equation 

Rate of disintegration- Ait' 4 (4-90) 

where t is the time after the explosion, and A, 
is a constant factor (defined as the rate of dis- 
integration at unit time) that is dependent on 
the quantity of fission products. With appro- 
priate values of A„ this equation can also be 
used to give the rates of emission of beta par- 
ticles or gamma rays. A beta particle Is 
emittod with each disintegration, but gamma 
ray photons are liberated only in approximately 
half the disintegrations. The exact fraction 
varies with the time after the explosion. 

In considering the dose rate due to fission 
products, the gamma rayr, because of their long 
range and penetrating power, are of much 
greater significance than the beta particles. 
(This is not true if the beta particles are on the 
skin or within the body.) Therefore, for most 
cases the beta particle radiation can be 
neglected when estimating the dose rate varia- 
tion with time. Since the gamma rays in the 
early stages of fission-product decay have 
higher energies than those emitted later, the 
dose rate cannot be directly related to the rate 
of emission of gamma rays. However, for the 
period of practical interest, the mean energy 
of the gamma ray photons may be approxi- 
mated as a constant 0.7 Mev. Although the 
fraction of gamma my emissions varies slightly 
with time, a fair approximation is then, 

Gamma Radiation Dose Rate =r,t 11 

(4-100) 


where r, is a constant, equivalent to the refer- 
ence dose rate at a unit time. Usually the time, 
f, is expressed in hours, and r, is, therefore, the 
inference done rate at one hour after the ex- 
plosion. If r, represents the dose rate from a 
certain quantity of fission products at t hours 
after the explosion, then, from £q. 4-99, 


taking logarithms 



Log — =-1.2 Log (, 


(4-101) 

(4-102) 


Using Eq. 4-102, a log-log plot of — against 

r, 

t should give a straight line of slope -1.2. 
When (=1, r,=r, and — =1. This is the basic 

fi 

reference point through which the line of slope 
- 1.2 is drawn in Fig. 4-82. 

If the time, t, is in hours, the radiation ex- 
posure dose rotes r, and r, are expressed in 
roentgens per hour. The total dose in roentgens 
can be readily determined by direct integration 
of Eq. 4-100. For the interval from f t to t, 
hours after detonation 


total dose 


= r, J e- 1 . 


•dt 


ti 

total dose“-~— • "I 

- 0.2 

total dose-— ( — — ^ 

«5r. ( t 


J * 

(4-103) 


Hence, if the reference dose rate r, (roent- 
gens per hour) is known, the total dose (roent- 
gens) may be calculated for any period. The 
curve in Fig. 4-83 is derived from Eq. 4-103 
with ti taken as 0.0167 hour (1 minute), the 
time at which the residual nuclear radiation is 
postulated as beginning. 

Another application of Eq. 4-103 Is the de- 
termination of the length of time an individual 
can stay within an area contaminated by fission 
products, without receiving more Hum a spoci- 
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lied doae of radiation. In this ease, the total 
does is specified; t v ic the known time of entry 
into the region; and U is thj time at which the 
exposed individual must leave. The reference 
dose rate, tu must be known before the equa- 
tion can be solved for various values nf t, 
(Ref. 1). 


4-4.54. (C) Nufm-MicW Activity 

a Air Bunt 

The neutron-induced gamma activity from 
an air burst will depend on soil type as well as 
weapon type and yield. It is therefore imprac- 
tical to attempt to define a height of burst above 
which thia effect ceases to have military sig- 
nificance. 

b. Bunt in thu Transition Zona 

(I) General 

Even if a nuclear weapon is detonated at a 
height of burst above that at which fallout is 
expected to be a hazard, the radioactivity which 
is induced in the soil by neutrons still can give 
rise to dose rates of military importance in the 
vicinity of ground zero. The type, intensity, 
and energy distribution of the residual activity 
produced will depend on which isotopes are pro- 
duced and in what quantity. This, in turn, de- 
pends on the number and energy distribution 
of the incident neutrons, and on the chemical 
composition of the soil. Induced contamination 
contours are independent of wind effects, except 
for some wind redistribution of the surface 
contaminant, and can be expected to be roughly 
circular, 

Four soils have been chosen to illustrate the 
extant of the hazard which may be expected 
from neutron-induced activity. The soils were 
•elected to illustrate wide variations in pre- 
dicted dose rates; the activity from most other 
•oik should fall within the range of activities 
presented for these soils. The chemical compo- 
sition of the selected soils is shown in Table 
4-14 (Ref. 21). 

The elements which may be expected to con- 
tribute most of the induced activity are sodium, 
manganese, and aluminum. Small changes in 
the quantities of these materials can change tue 
activity markedly; however, other elements 
which capture neutrons can also influence the 


magnitude of the activity, The elements are 
listed in Table 4-14 in the order of their prob- 
able importance as far as induced activity is 
concerned. 

Fig. 4-84 indicates the manner in which the 
induced activity is expected to vary with slant 
range and weapon type. H + 1 hour dose rates 
for the four soils may be obtained by multiply- 
ing the dose rate obtained from Fig. 4-84 by 
the multiplying factor for that soil, as given in 
the instructions for use of the figure (Par. 2, 
following) . 

In order to calculate the dose rates at times 
other than one hour after the detonation, decay 
factors may be taken from Fig. 4-85, which 
represents the decay characteristics of the four 
soils. The decay factors are constants, and are 
multiplied by the value of the doae rate at one 
hour, to give the rate at any other time. 

Fig. 4-86 is presented to facilitate computa- 
tion of total dose. Multiplying factors may be 
obtained from this figure which, when applied 
to the one-hour dose rate for the particular 
soil (Type I), will give the do.* accumulated 
over any of several periods of time, for various 
times of entry into the contaminated area. 

When applying the data presented to soils 
other than those used for illustrative purposes, 
the setivity should be estimated by using the 
data for the illustrative soil which most closely 
resembles the sail in question in chemical com- 
position. If none of the illustrative soils resem- 
bles the soil in question very closely, the follow- 
ing remarks should be kept in mind, For times 
less than H 4- 1/2 hour, aluminum is the most 
important contributor. For times between H + 
1/2 hour and H + & hours, manganese is gen- 
erally the most important element. In the ab- 
sence of manganese, the sodium content will 
probably govern the activity for this period. 
Between H + 6 hours and H + 10 hours, 
sodium and manganese content are both im- 
portant After H + 10 hours, sodium will gen- 
erally be the only large contributor. In the 
absence of sodium, manganese, and aluminum, 
the activity will probably be low, and will gen- 
erally be governed by the silicon content Soil 
type IV is an example of this latter type. Thus, 
the time (of interest) after H time is of sig- 



4-140 


TABLC 4-54. CHEMICAL COMPOSITION OF SELECTED SOILS 


Element 


Percentage (by weight) 


Soil Type 1 
Liberia, 
Africa 

Soil Type II 
Nevada Desert 

Soil Type III 
Lava Clay, 
Hawaii 

Soil Type IV 
Beach Sand 
Pensacola, Fla. 

Sodium 


1.30 

0.16 

0.001 

Manganese 

0.008 

0.04 

2.94 

— 

Aluminum 

7.89 

6.90 

18.79 

0.006 

Iron 

3.75 

2.20 

10.64 

0.005 

Silicon 

33.10 

32.00 

10.23 

4C.65 

Titanium 

0.30 

0.27 

1.26 

0.004 

Calcium 

0.08 

2.40 

0.45 

.... 

Potassium 

. . . 

2.70 

0.88 

.... 

Hydrogen 

0.39 

0.70 

0.94 

0.001 

Boron 

. . . 

. . . 

. . . 

0.001 

Nitrogen 

0.065 

. . . 

0.26 

.... 

Sulphur 

0.07 

0.03 

0.26 

.... 

Magnesium 

0.05 

0.60 

0.34 

.... 

Chromium 

. . . 

.... 

0.04 

.... 

Phosphorus 

0.008 

0.04 

0.13 

.... 

Carbon 

3.87 


9.36 

.... 

Oxygen 

50.33 

50.82 

43.32 

53.332 


nificanee in the choice of the most representa- 
tive soil type. 

If a weapon is burst at such a height as to be 
in the transition zone (from the faliout stand- 
point), the neutron-induced activity can gen- 
erally be neglected if the burst height is in the 
lower three quarters of the fallout transition 
zone. For weapons burst in the upper quarter 
of the fallout transition zone, the neutron- 
induced activity may be significant when com- 
pared to fallout For the cases where fallout 
dose-rate contour parameters, are much smaller 
than those for a burst on the surfsce, an idea 
of the magnitude of induced activity may be 


obtained from Figs. 4-84 through 4-86. The 
overall contour values may then be obtained by 
combining the induced activity and fallout ac- 
tivity. For these cases, it must be remembered 
that fission products and induced activity will 
decay at different rates. This necessitates a de- 
termination of the magnitude of each type of 
activity for each time of interest. 

(2) Instruction. for Using Fig. 4—84, 
Neutron-Induced Gamma Activity 
(a) Description 

Given the weapon type and the sbtnt range 
from the point of burst to the point of interest. 
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the induced gamma dose rates can be estimated 
using Fig. 4-34. These rates are, for the vicin- 
ity of ground zero at H + 1 hour, for bursts 
over soils similar in composition to the four 
soils listed in Table 4-14. To estimate the dose 
rate, enter the slant range axis with the slant 
distance in yards, read the dose rate for the 
appropriate weapon type, and multiply this 
dose rate by the appropriate factor for the soil 
type of interest Soil types I, II, HI, and IV 
are multiplied, respectively, by the factors of 
0.11, 1.0, 12.0, and 0.0026. 

(b) Scaling Procedure 

For yields other than 1 KT, multiply the dose 
rate read from the curve by the yield in KT, 

■ (c) Example 

Given: An average neutron-flux 60-KT 
weapon burst at a height of 900 feet above soil 
of Type III. 

Find: The H + 1 hour dose rate at ground 
zero, and at 600 yards from ground zero. 

Solution: From the average neutron flux 
weapon curve of Fig. 4-84, the dose rate at 
H + 1 hour at ground zero (300-yard slant 
range) is 9 r/hour, per KT of weapon yield. The 
multiplying factor for soil type III is 12. There- 
fore, the dose rate at ground zero one liour 
after detonation of a 60-KT weapon over soil 
type III is: 

50X12X9=6,400 r/hour. 

At 600 yards from ground zero the slant 
range is 670 yards. From the curve, the in- 
duced gamma intensity is 0.86 r/hour per KT 
of weapon yield at this distance. Therefore, the 
doM rate 600 yards from ground zero, one hour 
after detonation of a 60-KT weapon over soil 
type III is: 

60X12X0.36=210 r/hour. 

( A ) Reliability 

Dose-rate values taken from the curves for 
the soils presented are correct to within a fac- 
tor of 6, for the conditions indicated. For 1 other 
soils, the data will merely furnish an estimate 
of the magnitude of the hazard (Ref. 21). 
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(3) Instruction* for Using Fig. 4-85, Decay 
Fedora for Neutron-Induced Gamma 
Activity 

(а) Detcription 

From the dose rate at H+l hour, the dose 
rate at any other time is obtained by computing 
the product of the appropriate decay factor 
from Fig. 4-85 and the 1-hour dose rate (see 
Example 1). The decay curves may also be 
used to determine the value of the dose rate at 
H + l hour, ,y means of the dose rate at a later 
time. In this case, the measured dose rate is 
divided by the appropriate decay factor (see 
Example 2) . 

(б) Example 1 

Given: The dose rate, at a given point on 
■oil type I, is 30 r/hour at H+l hour. 

Find: The dose rate at that point at H+Vi 
hour, and at H+ 10 hours. 

Sr’ution: From Fig. 4-86, the decay factors 
for soil type I for V4 hour and 10 hour* are 3.0 
and 0.083 respectively. The dose rate at Vi 
hour ia 

30 X3.0=90 r/hour, 
and the dose r« 10 hours is 

30X0.083=2.5 r/hour, 

(c) Example t 

Given: The dose rate at a given point on soil 
type II, 20 hours sfter detonation, is 100 
r/hour. 

Find : The dose rate at the same point 1 hour 
sfter the detonation. 

Solution: From Fig. 4-85, the decay factor 
at 20 hours is 0.24. Therefore, the dose rate 
at 1 hour is 

100 

— =417 r/hour. 

(d) Reliability 

The reliability is the same as for Figs. 4-8« 
and 4-86. 

(4) Instruction* for Using Fig. 4-86, Total 
Netirun-ludueed Gamma Daaa for Soil 
Type I 

(a) Description 

From Fig. 4-86 can be obtained the total 
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doM that will be received by a person enuring 
e contaminated area of soil type I. in terms of 
the time-of-eniry and time-of-stay. The verti- 
cal axes givo the accumulated dose for each 


unit of dose rate <r/hr), at one hour after a« 
detonation over that soil. The various curves 
represent times-of-stay in the contaminated 
area. To determine the accumulated dose, a 
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multiplication factor is taken from the vertical 
axis, corresponding to the intersection of the 
tirae-of-stay curve and the time of entry. The 
prodr f this multiplication factor and the 
doae i,.'e at one hour gives the accumulated 
dose. 

( : Example 

Given: The dose rate in a given area over 
soil type I at one hour after detonation is 300 
r/hour. 


Find: The total dose received by a man who 
enters the area 5 hours after detonation and 
remains 0.3 hours. 

Solution: From Fig. 4-86, the intersection 
of the line for time-of-antry of 6 hours after 
detonation with the 0.3-hour tirae-of-stay gives 
a factor of 0.09. Therefore, the accumulated 
dose is: 

300X0.09=27 r. 
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e. Sarfaea and Subturfac* Bunt* 

For turf ace and aubaurface bursts, the resid- 
ual radioactive contamination from fission 
products is vastly greater than the neutron- 
induced activity. As a result, neutron-induced 
activity can generally be neglected for surface 
and subsurface bursts. 

^ CJmmI CwlOHlflll |g H p 

(1) General 

Much of the radioactive material of the nu- 
clear explosion is airborne. Thia nuclear cloud 
may constitute a great radiation .*azard for 
some time for personnel in aircraft flying 
through it The cloud size and rate of rise vary 
with the yield of the bomb and the prevailing 
meteorological conditions. In fair-weather det- 
onations, except where meteorological condi- 
tions such ss high wind velocities are involved, 
the top and bottom of the mushroom head of 
the cloud have been observed to stabilize in 
altitude at a time approximately 6 to 10 min- 
utes after detonation, independent of yield. The 
altitude above uurat point of this portion of the 
cloud increases with weapon yield, when other 
factors remain the name. Fig. 4-87 illustrates 
thia for yields between 0.1 KT and 100 MT. 

The height of a nuclear cloud is influenced by 
atmospheric conditions, which include the tem- 
perature gradient, winds, relative humidity, 
and the height of the tropopausn. Because these 
atmospheric effects are very complex, and also 
because it would be most difficult to consider 
all possible weather variations, a quantitative 
treatment of the effect of atmospheric condi- 
tions on doud heights is not included in this 
publication. The percentage of maximum cloud 
height reached by the cloud, at any time after 
■ detonation, and before stabilization, is rela- 
tively independent of the yield. Hie diameter 
of the doud increases rapidly at times earlier 
than 1 minute after a detonation. After about 
•; minute, the width of the cloud increases more 
slowly, until the cloud reaches its m a x i mum 
altitude. This is true for all yields except thou 
that are extremely large. If the yield 1# large 
enough for the cloud to reach the tropopause, 
the doud rises more slowly upon reaching this 
level and increases in lateral dimensiuu more 
rapidly, ns though flattening out against a ceil- 


ing. The rate of lateral growth of the doud 
daring this time is about three times the rate 
before reaching the tropopause. After reach- 
ing maximum altitude, the diameter slowly in- 
creases as the doud drifts downwind. 

(2) Instruct!— tor Using Fig. 4-87. 

Stabilised Om4 

(a) Example 

Given: An 80-KT burst at 3,000 feet above 
terrain. 

Find: The altitude above terrain of the top 
and bottom of the stabilized doud. 

Solution: From Fig. 4-87, a cloud from an 
80-KT burst stabilizes above the burst point at: 

top =52,000 feet 
and 

bottom =38,000 feet. 

Therefore, the altitude above terrain is: 

top =62,000+ 3,000- 66,000 feet 
and 

bottom =38,000+3,000*41,000 feet 

(b) Reliability 

It is expected that douds will not rise above 
the burst point more than 20 per cent higher 
than indicated. However, extremes in meteoro- 
logical conditions, such as winds of 60 knots or 
greater, can cause clouds from weapon yields 
less than 100 KT to rise only half as high aa 
indicated. For yields greater than 100 KT, 
under almost all conditions, meteorological con- 
ditions are leas important in limiting the atti- 
tudes given. 

4414 1C) IsA wcffw Cadsn b sll i s and 

Miami Fetters* 

a. Air Bunt 

The surface contamination effects of fallout 
from on .dr-burst weapon are militarily insig- 
nificant in moat cases, because the bomb cloud 
carries practically all the radioactive bomb 
debris to high altitudes. In general, by the time 
this material can fall back to earth, dilution and 
radii isctive decay will have decreased the ac- 
tivity to levels which are no longer important. 
An exception may occur in the case of a email- 
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ft’jtw 4-87 (C). AMlud* Above twit Point cJ Top and Bottom of S/obiliiod Nucha/ 
Cloud v* Weapon Yitld IUI 


yield weapon bunt in the rain. In this case, the 
scavenging effect of the precipitation may cause 
a rain-out of radioactive material, creating a 
hazard to personnel located downwind and 
downhill, although outside the hazard area of 
initial radiation and other nuclear effects. 

The range of weapon yields for which rain- 
out may become hazardous is not large, but 
quantitative treatment of the problem is diffi- 
cult The contamination pattern on the ground 
depends upon two major dynamic processes, 
each of which is extremely sensitive to several 
factors. The major processes are: the scaveng- 
ing effect of precipitation on suspended fission 
products in the atmosphere; and the flow and 
ground absorption of rain water after reaching 
tlio ground. Some of the factors which influ- 
ence the scavenging effect are the height and 
extent of the rain cloud, the raindrop size and 
distribution, the rate of rainfall, and the dila- 
tion of precipitation. Other factors of signifi- 
cance are the position of the nuclear cloud 
relative to the precipitation, the hygroscopic 
character of the fission products, the solubility 
of the fission products, and the size of the fis- 
sion fragments. The Dow and ground absorp- 
tion of the rain water will, in turn, depend upon 


such factors as the soil porosity, drainage fea- 
tures, including rate of drainage, and the 
degree of soil saturation. 

Even in extreme cases, the raiuout from an 
air burst should not be a serious military 
problem for yields in excess of 20 KT, and for 
the average case, it should not be a serious 
problem for yields in excess of 8 KT. Although 
the weapons of greater yield produce more 
radioactive material, the updrafts carry the 
bulk of the material up through the weather to 
an altitude above the level of precipitation. 

Where a rain-out problem does exist, it must 
be evaluated with respect to local conditions. 
Ditches, puddles, and low ground where water 
collects should be avoided by personnel unless 
Burvey indicates these areas are safe. Caution 
should be ■ 'zeroised for a considerable distance 
downwind .nd downhill from the bunt How- 
ever, as long as drainage is taking place, the 
rate of decrease in intensity is likely to be 
greater than decay laws predict 

In addition to rain-out, another contamina 
tion mechanism assumes some importance in 
the cose of a low air burst This is the forma- 
tion of radioactive elements in the toil by action 
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of the neutrons omitted by the weapon. Ac- 
tivity induced in this manner is treated in Par. 
4— B.&.3, preceding. 

6. Surfmc* Uurjl 

(1) Land-Surface Burst 

The radiation activity available from weapon 
components, at a reference time of one hour 
after the det< nation, is approximately that cor- 
responding to 300 megneuries per kiloton of 
bomb yield. For a burst exactly at the earth’s 
surface, roughly fifty per cent of the activity 
available is deposited in the general vicinity of 
the detonation, while the remainder is carried 
hundreds, or perhaps thousands, of miles from 
the point of detonation by the winds of the 
upper atmosphere. 

In a complete calm, the fall-out contamina- 
tion forms a roughly circular pattern around 
the point of detonation. The existence of a wind 
leads to an elongated area, the exact nature of 
which depends upon the velocity and direction 
ot the wind, from the ground surface up to the 
altitude' of the top of the stabilized cloud. If 
the direction of the wind docs not vary exces- 
sively from the surface up to the top of the 
cloud, the ground fall-out contours may be 
characterized by a circular pattern around 
ground zero, and by an elliptical pattern extend- 
ing downwind from ground zero. The circular 
pattern is formed by the rapid settling of the 
heavier particulate matter in the stem, while 
the downwind elliptical pattern is formed by 
fail-out of smaller and lighter particles from 
tire cloud. 

The existence of complicated wind patterns 
(wind shear), as welt as variations of the wind 
pattern in time and space, may cause extreme 
departures from a simple elliptical pattern. In 
addition, the measured dose-rate contour* have 
frequently been observed to occur in patterns 
best described as s series of islands of relatively 
high activity surrounded by areas of lower ac- 
tivity. The most common pattern of this type 
has been one in which the higher dose-rate con- 
tours appear around two major areas and one 
or more smaller areas. One of the larger areas 
is in the immediate vicinity of ground zero 
smile the other is in the general downwind 
direction from ground zero. The locations of 


the smaller areas of high activity have not 
demonstrated patterns which can be described 
simply in terms of the wind structure. 

The uose rates observed within these high 
activity areas have been of c<'ia parable magni- 
tude when extrapolated back to some early time 
after detonation, such as H+l hour. However, 
due to the earlier arrival of the contaminant, 
the activities actually observed near ground 
zero have been higher than in the areas away 
from ground zero. It should be noted that these 
islands of relatively high activity generally 
cover areas considerably larger than those of 
the “hot spots," caused by locul meteorological 
conditions discussed elsewhere. A quantitative 
treatment of auch complicated deposition pat- 
terns would be possible only through use of a 
complex computational model, together with 
time-consuming calculations. The simplified 
method for obtaining deposition patterns, which 
is presented below, will not predict these islands 
of relatively high activity. 

The area covered, and the degree of localiza- 
tion of the contamination, depend also upon the 
character of the soil at tie bunt point. For 
example, a surface detonation over dry soil with 
small particle sizes results in a larger than 
average area enclosed by low dose rate con- 
. tours, and in a smaller than average area en- 
closed by high dose rate contours. A similar 
detonation over water-covered, finely divided 
soil, such os clay, probably results in relatively 
high dose contours over larger areas close to 
the detonation, with a corresponding reduction 
in the areas of the lower dose-rate contours 
farther out. 

In discussions of the areas affected by resid- 
ual contamination from fall-out, it is conve- 
nient to set up a system of contamination dose- 
rate contours which, although simplified and 
idealized, fit actual contours measured in the 
field as closely as possible. Fig. 4-88 illustrate* 
such a contour system. The idealized contour 
shown consists t.'cessarily of two parts: the 
ground zero circle, and an elliptical approxima- 
tion to the downwind component of the fallout 
The ground zero circle i* formed quite won 
after the detonation, largely from heavy par- 
ticulate matter, throw-out, and soil made active 
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Groind Zero Downwind Displacement of 
(G Z.) Center of G. Z. Circle 



figure 4-98. Generalized Local Contours for 
Residual Radiation 


by neutron-capture reactions. The parameters 
which define it are its diameter and the down- 
wind displacement of its center from ground 
zero. 

The idealized dowhwind component, consist- 
ing of the fall-out proper, is elliptical in shape. 
The parameters which define it are its major 
and minor axes (the downwind and crosswind 
extert, respectively). One end of the ellipse is 
at ground zero. To define the downwind axis, 
the simplifying assumption is made that the 
downwind direction and extent are determined 
by a single wind of constant velocity, the so- 
called scaling wind. To obtain the scaling 
wind, it is first necessary to obtain the resultant 
wind vector for each of an arbitrary number of 
equally spaced altitude zones located between 
the top and bottom of the stabilized cloud. 
Each resultant wind vector is the vector aver- 
age, of all wind vectors for equally spaced alti- 
tude intervals, from the altitude zone in ques- 
tion down to the surface. The scaling wind is, 
then, the vector average of all the resultant 
wind vectors for the various altitude zones 
within the cloud. 

As a rule, wide discrepancy from the ideal- 
ized elliptical pattern results if there are large 
directional shears in the resultant winds com- 
puted for the altitudes of the stabilized bomb 
cloud. Such shears can give rise to 3erious dis- 
* tortion of the idealized elliptical pattern, so that 
in practice radical distortions of these idealized 
patterns can be expected. However, contour 
areas will remain substantially unchanged. In 
such a case, the close-in portions of the fall-out 
pattern, in general, follow the direction of the 


resultant winds from the lower cloud altitudes, 
while the more distant downwind portions of 
the pattern tend to lie in the direction of the 
resultant winds from the upper cloud altitudes. 
The idealized contours described herein have a 
more general application. 

It is important to recognize that H + 1 hour 
is used as the reference time in the preparation 
of these contours, and that only the contours 
from low yield weapons are complete or.e hour 
after burst time. For very high yield weapons, 
fall-out over some parts of the vast area:, indi- 
cated does not commence until many hours 
after the burst. In order to calculate the dose 
rates at times other than 1 hour after the deto- 
nation, decay factors may be taken from Fig. 
4-82, which i3 a representation of the decay 
law. The factors are constants, which are mul- 
tiplied by the value of the dose rate at 1 hour 
to give the rate at any other time. (These 
decay factors apply only to fission product con- 
tamination, such as predominates on the ground 
after a surface burst, and must not be used to 
estimate the decay of neutron-induced, ground 
contamination resulting from an air burst.) 
The t~'- : law, which approximates the decay of 
the mixture of fission products, holds reason- 
ably well for actual contamination over long 
periods of time, but not as well over short 
periods of time, because of the presence of 
weapon contaminants other than fission prod- 
ucts. 

Families of curves (Figs. 4-89 through 4 -94) 
are given from which data may be obtained to 
draw idealized dose-rate contours, for land- 
surface bursts of weapons with yields between 
0.1 MT and 100 MT. A 15-knot scaling wind 
has been used in the preparation of the curves. 
This rate is near the average of the scaling 
wind values most commonly encountered under 
field test conditions; it is probably a good aver- 
age vaiue for general application. Fig. 4-94 
provides height-of-burst adjustment factor 
data'. 

Contour areas are substantially constant over 
the range of scaling winds likely to be experi- 
enced, but the linear contour dimensions, except 
for the diameter of the ground zero circle, must 
be scaled. Directions for scaling are given in 
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Par. (2), following. Use of a true ellipse as the 
idealized contour results in areas larger than 
those actually observed. The downwind con- 
tours observed in field tests, in general, cover 
slightly less area than true ellipses. For this 
reason, true contour areas should be read di- 
rectly from the area curves, rather than com- 
puted from the contour dimensions obtained. 

(2) inotrurtiuna for lining Fig. 4-89 
through 4—94, Dose-Rate Contour 
Parameters 

(a) Description 

The basic data presented in these figures is 
for weapons for which all of the yield is due 
to fission. However, as described below, the 
data can also be used to obtain fallout contours 
for weapons for which the fission yield is only 
a fraction of the total yield, provided that es- 
sentially all of the contamination produced (90 
per cent or more) is due to fission products. 

The dose rate values are jrven for a refer- 
ence time of H + 1 hour. Tt must be recognized 
that the more distant portions cf the larger 
contours do not exist at H + 1 hour, because the 
fallout which eventually reaches some of these 
more distant a’-eas is still airborne at that time. 
The dose rate contours do exist at later times, 
when fallout is complete, but with contour 
dose-rate values reduced according to the 
appropriate decay factor from Fig. 4-82. Vis- 
ual interpolation may be employed for dose-rate 
contour values between those for which curves 
are given. Extrapolation to higher or to lower 
dose-rate contour values than those covered 
by the families of curves cannot be done accu- 
rately, and should not be attempted. 

To obtain do«» rate values for times other 
than H+l hour, decay factors from Fig. 4-82 
should be used. To obtain contour values for 
scaling winds other than 15 knots, multiply 
downwind distance and downwind displace- 
ment of the ground-zero circle by the appropri- 
* ate factor given in Table 4-15, and divide 
crosswind distance by the same factor. Nu- 
merical values of contour areas and ground- 
zero circle diameters are essentially wind- 
independent. 


TABLE 4-15 Id. ADJUSTMENT FACTORS 
FOR CONTOUR PARAMETERS FOR 
VARIOUS SCALING WINDS <U1 


Scaling Wind 

Vel (knots) 

Adjustment 

Factor 

5 

0.7 

10 

0.9 

15 

1.0 

20 

1.1 

25 

1.2 

50 

1.3 

40 

1.4 

50 

1.5 


For the special (and unusual) case of a zero 
scaling wind velocity, contours would be circu- 
lar and centered at the burst point, with radii 
determined from the area curves by the for- 
mula: 

„ _ .. /Contour Area V" 

Contour Radius = I 1 . 

For a burst in the transition zone, a rough 
estimate of the resulting fallout contamination 
patterns may be made by multiplying the dose- 
rate contour values, for a contact surface-burst 
weapon of the same yield, by an adjustment 
factor obtained from Fig. 4-94 for the appro- 
priate yield and height of burst. 

Note that the contribution made by neutron- 
induced activity may be significant, compared 
to the fallout activity in the area near ground 
zero for weapons burst in the upper quarter 
of the fallout transition zone. For guidance, a 
rough estimate of this contribution may be 
obtained by using Figs. 4-84 through 4-86, to- 
gether with the disc’ission in Par. 4-8.5.3, pre- 
ceding. 

It should be recognized that contour shapes 
and sizes are a function of the total yield of 
the weapon, whe.«as the dose-rate contour 
values are determined by the amount of con- 
taminant available; i.e., the fission yield. Thus, 
if only a fraction of the total yield of the 
weapon is due to fission, and this fraction is 
known, Figs. 4-89 through 4-93 may be used 
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to estimate fallout contours resulting from the 
detonation of such a weapon. The dose rate for 
the dimension of interest, read from the figures 
opposite the total yield, must be multiplied by 
the ratio of fission-yield to total-yield to obtain 
the true dose-rate value for that dimension. 
Similarly, to obtain contour dimensions for a 
particular dose rate, the value of the desired 
dose rate must be divided bv the ratio of fission 
to total yield, and the dimension of the result- 
ant dose rate read from the figures opposite the 
total yield. 


(b) Example 1 

Given: A weapon with a total yield of 600 
KT, of which 200 KT is due to fission, is det- 
onated on a land surface under 10-knot scaling 
wind conditions. 

Find: Contour parameters for a dose rate of 
100 r ) hr at a H + 1 hour reference time. 

Solution: The 100 r/ hr contour for a fission- 
yield to total-yield ratio of 200/600 is the same 
200 

as the contour for 100 -r— -=300 rj hr, for a 


weapon for which the total yield is fission yield. 
Figs. 4-89 through 4-93 can, therefore, be 
applied together with wind factors from Table 
4-15; i.e., the 300 >-/hr contour values read 
from Figs. 4-89 through 4-93 f for fission yield 
= total yield = 600 KT) are also those for the 
100 r/ hr contour of the wear-on described in the 
example. The problem solution is indicated in 
Table 4-16. 

(c) Example 2 

Given: Same conditions as in Example 1. . 

Find: If the weapon were burst at a height 
of 1,950 feet above the surface, what fallout 
contour would be represented by the 100 j .'hr 
surface-burst contour solved for in Example 1? 

Solution: From Fig. 4-94, the adjustment 
factor for a 600-KT burst at a height of 1,950 
feet is about 0.04, and the contour solved for 
in Example 1 corresponds for this burst con- 
dition to 0.04X100=4 rf hr at ff+1 hour. 

(d) Reliability 

The sensitive wind-dependence of the fallout 
distribution mechanism, and the degree to 
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TABLE 4-16 (C). CONTOUR PARAMETERS FOR DOSE RATE OF 100 R/H CU> 


Parameter 

Source 

Figure 

Basic 

Value 

Wind 

Factor 

Param .ter Value 
for 10-Knot Wind 

Area 

4-89 

1 90 sq mi 

1.0 

190 sq mi 

Downwind distance 

4-90 

38 mi 

0.9 

34 mi 

Cross wind distance 

4-91 

6.7 mi 

1/0.9 

7.4 mi 

Diameter of ground zero circle 

4-92 

4.5 mi 

.1.0 

4.5 mi 

Downwind displacement of 





ground zero circle 

4-93 

0.8 mi 

0.9 

0.7 mi 


which wind and other meteorological conditions 
affect these contour parameters, cannot be 
over-emphasized. The contours presented in 
these curves have been idealized in order to 
make it possible to present average, representa- 
tive values for planning purposes. Recognizing 
these limitations, for average fair-weather con- 
ditions, the curves can be considered reliable 
within ±50 per cent. 

(3) Water Surface Burst 

Although detailed experimental confirmation 
is lacking, it is expected that there will be some 
differer.ee in the character and distribution of 
residual radioactive contamination between a 
water-surface and a land-surface detonation. 
For a surface burst over water deep enough 
that particulate matter from the bottom is not 
carried aloft in the nuclear cloud and stem, it is 
expected that the contaminant is distributed as 
a very fine mist As a result, the lower dose- 
rate contours are expected to be larger and the 
higher dose-rate contours smaller than for a 
corresponding burst over a land surface. There 
is also a somewhat greater probability that 
local meteorological conditions may cause con- 
densation and rain-out of portions of this mist, 
resulting in localized hot spots, the prediction 
of which would be a nearly impossible task. 
However, the total activity available for a given 
weapon burst under the two conditions is the 
same, and there are indications from limited 
test experience that the extent of the contami- 
nated areas will be about the same as for land- 
surface bursts. The contour parameters given 


in Figs. 4-89 throu'gh 4-94 for land-surface 
hursts may also be used for water-surface 
bursts, to obtain dose rates over adjacent land 
masses. 

For the case of a burst over water so shallow 
that a significant portion of the contaminant is 
entrained in mud and particulate matter from 
the bottom, and is carried aloft, localization of 
the fallout may be expected to be greater than 
for the deep water case, with high dose-rate 
contours of increased size close to the burst 
point, and low dose-rate contours of somewhat 
smaller size farther out. Quantitative estimates 
of contour parameters may be obtained from 
the land-surface burst curves (Figs. 4-89 
through 4-94), with the reservation that the 
values for contours of 300 rf , hour or greater, 
at H+l hour, should be thought of as mini- 
mum values, while the values for contours of 
100 r/hour or less, at H+l hour, should be 
thought of as maximum values. 

c. Burst in iha Transition Zona 

The deposition patterns and decay rate of the 
contamination from weapons detonated very 
close to the su.face will be similar to those for 
a weapon of the same yield burst detonated on 
the surface. However, a smaller quantity of the 
available radiation activity will be deposited 
locally, resulting in lower dose-rate values 
along contours derived for surface-burst condi- 
tions. As the height of burst is increased, the 
activity deposited &3 local f sll-m t decreases, 
but the residual contamination d’.c to neutron- 
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induced activity becomes an increasingly more 
important part of the total contamination. 

The exact scaling of the fallout dose-rate 
contour values with height of bunt is uncer- 
tain. Residual contamination from tests at 
heights of burst immediately above, or below, 
100 W' /l feet has been small enough to permit 
approach to ground ».ero within the first 24 to 
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48 hours after detonation, without exceeding 
reasonable dosages. In these teats, the mass of 
the tower, special shielding, and other test 
equipment are considered to have contributed 
a considerable portion of the fallout actually 
experienced, and neutron-induced activity in 
the soil has furnished an added contribution to 
the total contamination. 
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Thus, for yields less than 100 KT, and for 
heights of burst of 100 W W1 feet or greater, it 
is considered that fallout contamination will not 
be sufficiently extensive to affect military oper- 
ations materially. This is not to say that there 
will never be a residual radiation problem un- 
der such conditions. The neutron-induced 
gamma activity can be very intense in a rela- 
tively snull area around ground zero. 


Due to the uncertainties in the scaling, it is 
unsafe to extrapolate the above conclusions to 
weapons huvinff yields greater than 100 KT. 
In the absence of data, a conservative estimate 
may be obtained by using a height of burst of 
180 W a * feet as the point above which fallout 
ceases to be militarily significant It should be 
noted again that the neutron-induced gamma 
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activity may be intense for bursts stove or 
below this height. 

A rough estimate of the dose-rate contour 
values for bunts in the transition zone may be 
obtai 1 by applying an adjustment factor 
from fig. 4-76 to the dose-rate contour values 
obtained from Figs. 4-89 through 4-94. For 
hursts in the upper quarter of the fallout tran- 


sition zone, neutron-induced activity must also 
be considered. For bunts in the lower three 
quarter of the transition zone, the neutron- 
induced gamma activity can generally be neg- 
lected when compared to the fallout activity. 

d. Subsurface Bunt 

(1) Underground Burst 

A large amount of residual contamination is 
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deposited in the immediate vicinity of the burst 
point after an underground detonation, be- 
cause the major portion of the radioactive ma- 
terial foils quickly from the column and cluud 
to the surface. A very shnllow underground 
burst conforms rather closely to the contamina- 
tion mechanisms and patterns outlined previ- 
ously for land-surface bursts. As depth of 


burst is increased, however, a greater percent- 
age of the total available contaminant is de- 
posited as local fallout, until for the case of no 
surface venting, all of the contamination is 
contained in the volume of ruptured earth sur- 
rounding the point of detonation. 

Families of curves exist for different ranges 
of weapon yield, depths of burst, reference 
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Figure 4—94 (Cl Hoight-of-Burit Adjustment Factor far Dose-Kali Contour Values tUI 


times, and wind conditions, by means of which 
idealized dose-rate contours can be drawn for 
underground weapon bursts. These curves are 
similar to those presented as representative of 
land-surface dose-rate contour parameters 
(Figs. 4-B9 through 4-94). 

As the depth of burst becomes greater, the 
contour shapes depart from the idealized pat- 
tern, and, particularly in the case of the higher 
dose-rate contours, tend to become more nearly 
circular. For depths of burst greater than 
70 W' r * feet, virtually all of the available con- 
tamination comes down in the vicinity of the 
burst point As burst depth is increased, con- 
tours con be expected to decrease in size, with 
increase in dose-rate values in and near the 
crater. 

(2) Underwater Burs! 

One test at mid-depth in ISO feet of water 
provided some information on the residual ra- 
diation from an underwater detonation. The 
rather specialized burst conditions make appli- 
cation of the results to specific cases of interest 
of doubtful validity; however, certain guide- 


lines were established, which are applicable 
and useful in the general case. It was shown 
that on a ship subjected to fallout radiation, 
much of the contaminated fallout material 
drained off the ship into the water, and rapidly 
became relatively ineffective because of the 
diluting effect of the water. 

For land areas adjacent to the explosion, and 
at the same relative position as the ship, resid- 
ual radiation dose rates about four times as 
greut as on board ship are expected soon after 
completion of fallout, because dilution and run- 
off do not occur. For adjacent land areas, the 
decrease in dose rate with time can be calcu- 
lated from Fig. 4-S2; however, this cannot be 
done for ships. As in the case of other types of 
contaminating bursts, the area of contamina- 
tion varies considerably with meteorological 
conditions, particularly with wind. 

In the case of a nuclear explosion in a com- 
paratively shallow harbor, aa> in the hold of a 
snip, more than half of the available radioactiv- 
ity associated with the device is deposited as 
local fallout, and large, localized, high dose-rate 
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contours are expected on the adjacent land 
masses. Although it does not appear feasible 
on the basis of available information to attempt 
a detailed delineation of contour shapes for a 
harL burst, magnitudes of expected contour 
areas can be given with some confidence. Fig. 
4-95 indicates expected harbor burst contour 
areas on adjacent land m viea tor yields from 1 
KT to 1 MT. For yields in the megaton range, 
contour areas should be e Unrated from the 
surface burst curves already presented (Fig. 
4-89). Tv. estimate dose rates on the weather 
decks of anchored ships in a harbor divide the 
given land-mass values by four; and for ships 
alongside a wharf, divide the land-mass values 
by two. 

(3) Instruction* for Using Fig. 4—95, Harbor 
Burst Dos e-Hate Contour Areas 

( a ) Description 

Fig. 4-95 presents dose-rate contour areas 
to be expected over adjacent land masses at 
1 hour after burst time, resulting from residual 
radiation from shall' w-harbor bursts of nu- 
clear weapons with yields from 1 KT to 1 MT 
Assumptions for this purpose are a harbor 
depth of 30 to .SO feet of water, a mud bottom, 
and burst depth i few feet below the water 
surface, such as in the hold of a ship. The 
areas given may be assumed to be independent 
of wind, although specific location of the con- 
taminated areas ith respect to the burst point 
is a sensitive function of wind and other 
meteorological conditions, as with other types 
of contaminating bursts. Area ma ittudes may 
be read directly from the eur r es , those dose- 
rate values for wh'"h cit-vcs are provided. 
Extrapolation to higher or lower dose-rate con- 
tour values than covered by the curves cannot 
be done accurately, and should not be at- 
tempted. To obtain dose-rate values for times 
other than ff+1 hour, multiplying factors from 
Fig. 4-82 should be used. 

(b) Example 

Given: A 30- KT harbor burst. 

Find: The area of effect for dose rates of 
1,000 rl hr, or greater, at H+l hour. 

Solution: Reading directly from big. 4-95, 
the area for a nose rate of 1,000 r/ hr or more 


at H+l hour, for a 30-KT harbor buret, is 3.4 
(±1.7) square miles. 

(q) Reliability 

Area magnitudes obtained from these rurves 
for a specific yield are considered reliable with- 
in ±50 per cent, for the burst conditions indi- 
cated. 

t. Ground Zero Dote Ratos 

The residual dose rate curves presented 
herein make no provision for contours delineat- 
ing dose rates greater than 3,000 roentgens per 
hour, except in the case of harbor bursts. Such 
dose rates occur in hot spots, rather than over 
significant areas. The maximum, residual-radi- 
ation, dose rates observed on the ground in 
such hot spots at a reference time of H + l 
hour, regardless of weapon yield, have been 
more than 3,000 r/hour and less than 10,000 
r/hour for surface burst nuclear weapons. The 
burst conditions for most of these shots were 
not truly representative of land shots; hence, 
there is a large degree of uncertainty regarding 
the maximum dose rates which may be ex- 
pected at ground zero under true land-surface 
buret conditions. Higher dose rates may be ex- 
pected only under certain special circum- 
stances, such as deep underground bursts and 
bursts in shallow harbors, and are not normally 
expected for land-surfrce bursts. 

/. Total Radiation Data PecaiveJ 

(1) General 

To estimate -he dose actually received at a 
point within an area contaminated by fallout, 
the time of arrival of fallout at that point is 
estimated (using the scaling wind velocity and 
the distance from the bunt point), and the 
curve of the dose rate is integrated as a func- 
tion of time over the period the individual is 
within the area. The same procedure is used 
for the case of a person entering a contami- 
nated area at some time after completion of 
fallout. Fig. 4-96 is presented to facilitate tius 
computation, and can be used to estimate total 
radiation dose received while in a contaminated 
area. If. at the time of the exrlosion, the indi- 
vidual is within the radius of effect of the ini- 
tial radiation, the acute dose so received must 
be added to the cumulative residual radiation 
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Flgun 4-95 (C). Harbor Burit Doto-Koto Contour Artat, Attorning Shallow Wator 
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dose, thus giving the tote! dose received. If the 
individual is sheltered, the free held value so 
obtained should be multiplied by a reduction 
factor, estimated from the degree of shielding 
involved, as described in Par. 4-8. 5.5, follow- 
ing. 

(2) [tut ruction* for Using Fig. 4-96, Total 
Radiation Dow Received in a 
Contaminated Area 

(a) Description 

From Fig. 4-96 can be obtained the total 
dose received by personnel entering a given 
contaminated area, at a specified time, and re- 
maining for a specified interval of time. The 
vertical axis gives the accumulated dose for 
each unit <r/hr) of dose rate, at one hour after 
the detonation. The various curves represent 
times-of-stay in the contaminated area. To 
determine the accumulated dose, a factor cor- 
responding to the time of entry and the time of 
stay Is taken from the vertical axis. The prod- 
uct of this factor and the dose rate at one hour 
gives the accumulated dose. 


(b) Example 

Given: The dose rate in a given area at one 
hour after detonation ia 600 r/hr. 

Find: The total dose received by a man en- 
tering the area two hours after detonation and 
remaining 4 hours. 

Solution: From Fig. 4-96, the intersection 
of the line fer a time of entry of two hours 
after detonation with the 4-hour curve gives a 
factor of 0.80. Therefore, the accumulated 
dose is 

500X0.80=400 r. 

g. Dose Comtomr* 

(1) General 

Approximate total dose contours, for ac- 
cumulated doses received during the 48 hours 
immediately following bunt tim*., can be esti- 
mated using the appropriate 1-hour, dose-rate 
contour curves in conjunction with e scaling 
factor obtained from Fig. 4-97. The scaling 
factor averages the time of arrival effect for 
500-roentgen, total -dose contours using a 15- 
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knot scaling wind, and gives results sufficiently burst, by personnel in the open within that 

accurate for planning purposes over a range of contour. If a particular 48-hour dose contour 

doses from 100 r to 1,000 r. This method may is to be constructed, the desired 48-hour dose 

be used with somewhat less accuracy for ac- value should be divided by the scaling factor 

cumulated doses outside this range. It should obtained from Fig. 4*97, to obtain a prelimin- 

be recognized that dose contours and dose-rate ary dose-rate value. 

contours do not have the same shape, although For a surface burst, this value may be used 
the shapes are sufficiently alike to make this with Figs. 4-83 through 4-93, to obtain the 

approximate method useful. desired contour dimensions for the 1-hour dose 

/*\ Instructions for Lisina Fla. 4-97, rate resulting in the desired 48-hour dose value. 

SfowDwa Sealing Factor For a burst in the transition zone, divide the 

preliminary dose-rate value by the appropriate 
(a) Detenpuan height-of-burst adjustment factor obtained 

Fig. 4-97 gives scaling factors for weapon from Fijf _ 4 _ 94 before using Figs. 4-89 through 

yields from 0.1 KT to 100 MT, by means of 4 _gj to obtain the detired contour parameters 

which approximate contours can be obtained the necessary 1-hour dote rate, 
for residual gamma-radiation doses accumu- if the fission yield is less than the total yield, 
lated during the 40 hours immediately follow- t h e values (for each burst condition) that 

ing burst time. Given a 1-hour dose-rate con- would ^ve been used with Figs. 4-89 through 

tour, the dose-rate value is multiplied by the 4-93 are not used as such, but are further 

appropriate scaling factor from this curve, divided by the fission-yield to total-yield ratio. 

This gives the approximate total-dose value re- This wilt give the actual value to be used with 
ceived. over the 48-hour period following the the appropriate figure. 
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(b) Example 

Given: A 400-KT surface bunt under 15* 
knot tcaling wind conditions. 

Find: Approximate contour parameters for 
a total dose of 600 roentgens, accumulated up 
to 48 hours after bunt time. 

Solution: From Fig. 4-97, the scaling factor 


v •*» *"# w * • • • 


tor n 400-KT weapon is 2 JO. Hence, the dose, 

GOO 

rate contour at J/+1 hour is —=>250 r/h r. 

This approximates the 48-hour total-dose con- 
tour for 600 r, and it is used with Figs. 4-89 
through 4-93. The approximate total-dose con- 
tour parameters for 500 roentgens accumulated 
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TAHJ 4-17 (Cl. APPROXIMATE CONTOUR 
PARAMETERS FOX 49-H& TOTAL DOSE OF 
MO R (U) 


Parameter 

Source Parameter 
Figure Value 

Area 

4-89 

160 sq mi 

Downwind distance 

4-90 

34 mi 

Crosswind distance 

4-91 

6 mi 

Diameter of ground 
zero circle 

4-92 

4 mi 

Downwind displacement 
of ground zero circle 

4-93 

0.7 mi 


•during the 48 hours following the burst are 
given in Table 4-17. 

(e) Reliability 

Recognizing the idealized nature of the basic 
contours, total-dose contours obtained in the 
manaer described above are considered reliable 
within a factor of two, for doses between 100 r 
and 1,000 r and for scaling winds up to about 
16 knots. The method may be applied for other 
dose conditions with somewhat less confidence . 
in the results, but should not be applied for 
scaling wind conditions significantly greater 
than 15 knots. 

4-AAfi. (C) SftJeMJag In m Residua I Radiation 

(U) In their passage through matter, alpha 
particles p.*oduce a considerable amount of 
ionization, and in doing so rapidly lose their 
own energy. An alpha particle is identical with 
the nucleus of a helium atom. After traveling 
a certain distance (range) the particle, which 
has then lost most of its energy, captures two 
electrons and reverts to a harmless helium 
atom. The range of an alpha particle depends 
upon the initial energy, but even those particles 
of relatively high energy have an average 
range in air of just over 1-1/2 Inches. In 
more dense media, such as water, the range is 
about one-thousandtb of the range in air. Con- 
sequently, alpha particles are unable to pene- 
trate even the outer layer of the skin. There- 
fore, as far as attenuation is concerned, they 
do not constitute a radiation problen. 


(U) Beta particles, like alpha particles, 
cause direct ionization. The beta particles dissi- 
pate their energy much more slowly, however, 
and correspondingly have a much greater 
range. Although beta particles traverse an 
average distance of 10 feet in air, due to con- 
stant detections their effective range ij con- 
siderably less. In more dense media, the range 
is still shorter, approximately one-thousandth 
of that in sir. Even clothing provides substan- 
tial protection from beta radiation. Conse- 
quently, unless the particles are deposited di- 
rectly on the skin, beta radiation provides little 
radiation hazard. 

(U) The residual gamma radiations present 
a different situation. These gamma rays, like 
those which form part ‘of the initial nuclear 
radiation, can penetrate a considerable distance 
through air and into the body. If injury is to 
be minimized, definite action must be taken to 
provide adequate shielding from residual 
gamma radiations. Aa a matter rt consequence, 
any method used to decrease the gamma radia- 
tion will provide almost complete protection 
from alpha and beta particles. 

. (U) The absorption of residual gamma ra- 
diation is based upon exactly the same princi- 
ples as those discussed in connection with the 
initial gamma radiation (Par. 4-8.4^., preced- 
ing) . However, except for the earliest stages 
of decay, the residual gamma rays have much 
less kinetic energy than those emitted in the 
first minute sfter the explosion (0.7 Mev for 
residua) compared to 4.5 Mev initial average 
energies). Therefore, sa compared with the 
Initial radiation shielding requirements, a 
smaller thickness of a given material will pro- 
duce the same degree of attenuation. 

(U) The approximate half-value layer thick- 
nesses of some common shielding materials for 
residual gamma radiation are presented In 
Table 4-18. As in the case of the initial gamma 
radiation, the product of the density and the 
half-value thickness is approximately the same 
in all cases However, since the half-value 
thickness is smaller for residual gamma radia- 
tion, the product is lower also. 
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TAIL! 4-11 APPROXIMATt HAIP»VAU1I 
UVU THICKNESSES OP MATI1IALS POR 
SHIELDING AGAINST GAMMA RAYS PROM 
PISSION PRODUCTS 


Material 

Density 
<lb/cu ft) 

Half-Value 

Thickness 

(in.) 

Product 

Steel 

400 

0.7 

343 

Concrete 

144 

2.2 

317 

Earth 

100 

3J) 

330 

Water 

62.4 

4.8 

300 

Wood 

34 

8.8 

300 


(U) For additional illustration of attenua- 
tion factina, Fig. 4-88 and Table 4-19 are 
provided. The attenuation factors for steel, 
concrete, soil, earth, wood, and lead are pre- 
sented in Fig. 4-88 aa a function of various 
thicknesses of these materials. From the prac- 
tical standpoint, it is of interest to record the 
transmission factors (Attenuation factor -*) 
offered by various structures and mechanisms. 
Approximate values for these are given in 
Table 4-19. These have been estimated partly 
from calculations and partly on the basis of 
actual held measurements. 


j 


TAIU 4-19 1C). DOSI TRANSMISSION PACTORS 
{INTERIOR DOSI/IXTUIOR DOSE) 1U) 


Gamma Raya 

Item Neutrons 

Initial Residual 


Foxhole 


0.05 

-0.10 

0.02 -0.10 

0B 


Underground position (3 feet) 


0.04 

-0.05 

0.0002 

0.002-0.01 

Built-up city area (in open) 




0.7 



Framehouse 


0.9 


OB -0.6 

0B 

-LO 

Basement 


0.05 

-OB 

0.05 -0.10 

0.1 

-OB 

Multistory building: 







Upper portion 


0.9 


0.01 

0B 

-LO 

Lower portion 


0B 

-0B 

0.1 

0B 

-LO 

Blockhouse walls: 







9 in. thick 


0.1 


0.05 

0B 

-OB 

12 in. thick 


0.05 

-0.09 

0.01 -0.02 

0-2 

-0.4 

24 in. thick 


0.01 

-0.03 

0.001 -0.002 

0.1 

-OB i 

Factory, 200 x 200 fart 

Shelter, partly above grade: 




0.10 -OBO 



With earth cover (2 ft) 


0.02 

-0.04 

0.006 -0.02 

0.02 -0.08 

With earth cover (3 ft) 


0.01 

-0.02 

0.001 -0.006 

0B1 -0.05 

Rough terrain 




0.6 


l 

Grader, road, motorised, D12 

9 

1.0 

BCtBF" 

— 

0B0 

L0 
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TABLE 4—1* (C). (coat) 



Item 

Tanks M-24, M -41; Tank recov. vehicles 
11-51, M-74 

Tanks M-26, M-47, M-48, T-43E1; 

Eng. urmd. vehicle T-39E2 

Tractor, crawler, D8 w/blade 

1/4-ton truck 

3/4-ton truck 

2-1/2-ton truck 

Personnel carrier, T1SE1 

Armd. inf. vehicle 51-59, M-7E and SP Twin 
40-mm gun M-42 

SP 105-mtn howitzer M-37 

Multiple caL .50 mg motor carriage M-16 

LVT (landing vehicle tracked) 

Battleships and large carriers: 

15% of crew 

25% of crew 

10% of crew 

50% of crew 

Cruisers and carriers: 

10% of crew 

20% of craw 

30% of craw 

40% of crew 

Aircraft 

Destroyers, transports, and escort carriers: 
10% *f craw 
2C% of craw 
30% of crew 
40% cf ctaw 


Gamma Rays 


Initial 

Residual 

’ Neutrons 

0.1 -02 

0.06 

0.1 *3 

0.05 

0.02 

0.65 

1.0 

0.40 

1.0 

1.0 

0.75 

1.0 

1.0 

0.65 

1.0 

1.0 

0.5 -0.6 

1.0 


0.1 -0.26 

1.0 

0.2 -0.5 

0.1 

0.2 -0.5 

0.1 -0.6 

0.1 

0.8 -1.0 

0.8 -1.0 

0.6 

0.9 -1.0 

0.5 -0J 


1.0 

1.0 

1.0 

0.8 -1.0 

0.2 

0.1 

0.2 -0.8 

0.05 

0.03 

0.05 -02 

0.0005-0.005 

0.0003-0.003 

0.001-0.06 

1.0 

1.0 

0.8 -1.0 

0.5 

0.3 

0.4 -0.8 

0.1 -0.3 

0.1 

0.1 -0.4 

0.006 -0.1 

0.003 -0.05 

0.01 -0.1 

1.0 


1J> 

1.0 

1.0 

0.8 -1.0 

0.7 

0.6 

0.6 -0J 

0.4 

0.2 

0.3 -0.6 

0.1 -0.4 

0.1 

0.1 -0.3 


1 

] 
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Section 111 (SI— 4as3e Fragmentation and Penetration Data 


4-9. (U> INTRODUCTION 
4-1.1. Scope of He Section 

This section presents the analytical and ex- 
perimental techniques for obtaining terminal 
ballistic data concerning the physical processes 
of fragmentation and the mechanisms of pene- 
tration and perforation. Included in the section 
are a description of fragment density and mass 
distribution, a discussion of the techniques for 
analyzing and/or measuring the fragment ini- 
tial velocity and velocity decay, a description 
of mechanisms of penetration and perforation 
by single fragments, and a discussion of the 
theoretical and experimental aspects of frag- 
ment performance in the hypervelocity speed 
regime. 

The literature of this subject is somewhat 
inconsistent with respect to the symbols and 
units of measurement used by the various au- 
thors. No attempt has been made to standard- 
ize these items; quoted reference, material is 
presented in the notation and unltsof the par- 
ticular author. 

4-9 J. DncripHau «f F raqmea n t l aa 

Fragmentation is an important phenomenon 
associated with artillery shells, warheads, 
aerial bombs, mortar shells, grenades, etc. The 
shell or bomb is basically a high explosive 
charge contained within a metal casing. The 
forces released by the detonation of the high 
explosive break up the casing into fragments. 
It is desirable to be able to predict the mass 
distribution, spatial distribution, and velocity 
characteristics of these fragments so that the 
effect can be optimized for the intended target 
When no provisions are made to control the 
size of the fragments, irregular shapes end 
various sizes are obtained. 

The problem of uncontrolled fragmentation 
is to predict the mass distribution of the frag- 
ments. This is treated in Par. 4-10 A follow- 
ing. There are several methods of controlling 
the size and shape of fragments into which a 
caaing will break. The problem, here, is to 
select the best method of control Controlled 
fragmentation is treated in Par. 4-10.3, follow- 


ing. Methods of predicting other fragment 
characteristics, such as velocity and direction 
of projection, hold for natural or controlled 
fragmentation, and may be treated independ- 
ently. 

WJ. Cress-Reference luf t nauttaa 

The general discussion of the mechanisms of 
fragmentation is presented in Ch. 2, Sec. I. 
Comparable information on solid projectiles 
and shaped charges is given in Ch. 2, Secs. II 
and 111, respectively. These sections should be 
read for introductory purposes. In Ch. 3 each 
of the various sections includes appropriate 
information on the vulnerability of specific 
types of targets to fragmentation and penetra- 
tion. Reference should also be made to Part 
Two for information on the collection and 
analysis of fragmentation and penetration data 
as applied to specific types of targets. 

4-10. (C) FRAGMINT MASS AND SPATIAL 
DISTRIBUTION 

i I 

4-10.1. (Ill latrudectiM ! 

This paragraph presents the general laws of 
natural (uncontrolled) fragmentation and the 
usual methods for controlled fragmentation. A 
discussion is presented relating the dynamic 
fragment distribution to the static distribution 
and the procedure for obtaining desired results. 
Experimental techniques for the measurement 
and reduction of data are given in considerable 
detail. 


(U) Natural fragmentation of a bomb or 
shell casing results when no special design 
features are incorporated to control the frag- 
ment size. Some predetermination of the frag- 
ment mass distribution can, however, be made 
by selection of charge-to-metal ratio, casing 
material, and thickness of casing. Thin casings 
fragment in two dimensions, whereas thick 
casings fragment in both two and three dimen- 
sions. 


4-1 OJL (C) Mass DhtrlbuMaa, Natural 
Frafuieatatiaa 

4-14.2.1. (Cl Gaaaral 
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(U) The damage that will be produced by a 
fragment, impacting with a given velocity, de- 
pends on the mass and presented area of the 
fragment In order to compare the fragmenta- 
tion efficiencies of different projectiles, it is 
thereto, j necessary to know, for each projec- 
tile, the approximate mass and area distribu- 
tion of all the fragments large enough to pro- 
duce damage. 

(C) Mott and Li moot (Ref. 56) present a 
theory on the mass and mass distribution of 
fragments from an exploding warhead. The 
theory given is applicable only to casings which 
expand plastically before rupture. 

(C) At the moment of rupture, the kinetic 
energy of the casing per unit length, referred 
to the axis moving with the casing, is 


1 o* 
KE=-t^ P - 


( 4 - 104 ) 


where 

i -mass density of the material in alugs/cu 
in., 

s -distance between cracks, in inches, 

r= radius of the shell casing at rupture, in 
incfacj, 

KE~ kinetic energy, in fWb/in. fragment 
length, 

thickness at rupture, in inches, 

and 

V** outward velocity at rupture, in ft/sec. 

(C) If W is the energy per unit area re- 
quired to form a crack, the energy required 
per unit length will be Wt„ Thus, no frag- 
ment will be formed with a width a greater 
than that given by equating Wt, to KE, as 
defined by Eq. 4-104, or 


J 


(4-106) 


(C) W is known from the results of impact 
tests; it ranges from 70 to 800 foot-pounds 
per square inch. The lower value, 70 foot- 
pounds per square inch, is normally used. In 
a later report (Kef. 57), Mott concluded that 
the ratio of length-to-breadth of fragments is 
constant, and Is approximately 8.6/1 for steel 


(C) For a bom b which is roughly spherical 
at the moment of rupture, the m ea n mass of 
a fragment ia 

(C) If r, and t, refer to the bomb before 
expansion, and if r, the radius at the moment 
of burst, is equal to <r„ then «,=#,/«*, so that 
the mean fragment mass is proportional to 

rjt* p'» t.W*' 
y*/> ,vi 

(C) If the charge is kept constant and the 
thickness t, is varied, V* will be proportional 
to l/t. for heavy casings; thus, the average 
mass of fragment is proportional to i,*'* if t, is 
constant Theoretically, a scaling law can be 
applied from one teat to another to predict the 
average fragment mass, by varying t, and keep- 
ing the other parameters the same. Actually, 
however, thick-walled shells expand further 
than thin ones before breaking up, and a leu 
rapid variation with U is expected. 

(C) For the two-dimensional breakup of • 
• shell, Mott (Ref. 66) postulates that the mass 
distribution of fragments can be stated as: 


*<«> 


-Ce V ** / 


( 4 - 106 ) 


where * u '~Kt,\W 


■(*♦*) 


(4-107) 


in which y(w) a tnt»l number of 

of mass greater than m, 
n m related to average frag- 
ment mass, in grams, 

C ** constant, 

K — constant dependent on ex- 
plosive, for example: K «= 
0.80 (TNT) ; K » 0.826 
(Amatol 60/60). Units of 
K are grams ""/inch 

In addition, t, * casing thickness, in inch- 
es (initial), 

and di ® internal diameter of - Ty - 

ing; in inches. 

(C) If it is suurad that two-dimaudoail 
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Innkup holds down to the finest fragment, 

thi.ii 



(4-108) 


where .V = total mass of shell, 

and 2^ - arithmetic average frag- 

ment mass. 


tf!) ‘Noting Hut M;it> represents the total 
number of fragment *. .V., Eq. 4-108. may be 
ritti-i: 


.V ( III I 



( 4 - 109 ) 


(I > In the case of thick-walled shells, a 
thru-dimensional analysis is required, due to 
tin' iediu.il effect tl-. easing thickness. 


Then, 


utnl 


* iV( »m) s=.V..C 



t _ „ 

H -i>n . 


< 1 - 1 10 ) 
(4-1.1) 


*C) Figs. 4-99 and 4-100 show example;* of 
the iHstrilmtion of Eqs. 4-J"‘* and 4-110 as a 
function itf m 1 '* and 

«C) Another expri-ssion for n is given by 
Gurney and Sanr. 'usakis (Ref. 59) for thin- 

u ailed shells, as 


p ,/5 -A 


(..III; + 1,1 

~ 



(4-112) 


where * easing thickness, in inch- 

es i initial). 

d, = internal itiameter o f cas- 
ing, in indie*. 

ami C mass of explosive charge 

"if ** and metal casing in the 
same units. 


(O The factor .4 will have a different value 
for each explosive filling Value* <>f the factor 
/l are given in Table 4-2‘i for seveial shell and 
bomb explosive load in c. Additional values of 
factor A, as determined Le tin Naval Ordnance 



Mosul Greater than m Groms vi Square loot of m <UI 


IntHiraiory (Ref- 60), are listed for east mid 
prex'-d explosives in Table 4-21. 

4-I0.2J. (U) Steel Casings 

In general, the average weight of fragments 
produced from a steel casing decreases as the 


TABU 4-20 (C). VALUES OF "A” FOR 
VARIOUS EXPLOSIVE LOADINGS U> 


Projectile 

Loading 

A(gm/cu in.) 1/1 

Shell 

TNT 

1.7 

Shell 

Ednatol, Pentolite 
Tetrytol, RDX, 
Composition B 

1.3 

Bomb 

■ideeprsy 

Amatol (60/50 and 
60/40) 

l.D 

Bomb 

ddespray 

Ednatol, Torpex, 
RDX 

0.6 
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Figurt 4-1 00 1C) Numbr- of Fragments, N, with 
Moists Greater fbon m Grams vs Cube Roof of m IU) 


tensile strength of the steel is increased and 
the ductility is decreased (Ref. 61). This has 


been shown to be true in tests on carbon steels 
varying from 0.05 per cent to 1.06 per cent 
carbon. At 1.0G per cent carbon, it is believed 
that the different microstructure caused the 
test results to vary from the theory. Shapiro, 
et. al. (Ref. 60), lists scaling law constants for 
the Mott parameters derived from the mas3 
distribution study of steel casings. 

4-10.2.3. (C) Duetllo Cost Iron Casings 

From investigations on ductile cast iron cas- 
ings (Ref. 62), it was found that the half 
weight (the particular fragment weight which 
divides the individual fragments into two 
groups, each containing half the total weight 
of fragments) appears to be on the order of 
1/4 that of steel casings for ring type frag- 
mentation, and on the order of 1/16 for cylin- 
drical type fragmentation. Three grades of 
ductile cast iron were used in experiments. 
These showed little or no difference in frag- 
mentation. notwithstanding a substantial dif- 
ference in strength and ductility. 

^■10.3. (C) Mats Diftribation, Controlled 
Fragmentation 

4-10.3.1. (U) General 

The effectiveness of a fragmentation war- 
head against any target or targets for which 


TABLE 4-21 (C). VALUES OF "A" FOR VARIOUS CAST AND PRESSED EXPLOSIVES (U) 


Explosive (cast) 

A(grn/cu in.) 1 '- 

Explosive (pressed) 

.' (gm/cu in.) ,/s 

Baratol 

2.55 

BTNEN/Wax (90/10) 

0.92 

Comp B 

2.14 

BRNEU/Wax (90/10) 

1.10 

Cyclotol (75/25) 

1.01 

Comp A-3 

1.13 

H-6 

1.34 

MOX-2B 

2.79 

HBX-1 

1.30 

Pentolite (50/50) 

1.27 

KBX-3 

1.65 

RDX/Wax (95/5) 

1.09 

Pentolite (50/50) 

1.27 

F.DX/Wsx (85/15) 

1.23 

PTX-1 

1.14 

Tetryl 

1.41 

PTX-2 

1.17 

TNT 

2.10 

TNT 

1.61 
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it is used is largely determined by the size, 
number, and velocity of the fragments it pro- 
duces. A warhead which will produce a pre- 
determined number of fragments, of a prede- 
termined weight and velocity, will be more 
effective against the target for which it is de- 
signed than will a naturally fragmented war- 
head. 

Controlled fragmentation refers to control 
of the size, and consequently the weight, of 
each fragment. The size and weight of frag- 
ments produced by a controlled fragmentation 
warhead are determined by a combination of 
design factors within the basic method selected 
for producing the fragment. None of the 
methods employed in controlling fragments are 
completely successful; that is, they do not 
achieve iOO per cent fragmentation control. 
Varying degrees of success have been achieved 
by the methods described in following para- 
graphs. 

Considerations in the selection of the basic 
design approach include ease of manufacture, 
cost, size of warhead, size of fragment, and the 
intended use of the warhead. 

4-10.3.2. (C) Preformed Fragmeefi 

(U) Preformed fragments are those which 
are molded, machined, or otherwise formed to 
the desired size, prior to detonation of the war- 
head in which they are used. Preformed frag- 
ments achieve nearly 100 per cent fragmenta- 
tion control, because breakage upon expulsion, 
adhesion between fragments, and adhesion of 
fragments to other warhead parts are usually 
negligible. 

(U) The principal objection to preformed 
fragments is the need for additional structure 
to support the fragments. The structure adds 
weight which contributes little to the effective- 
ness of the warhead. This additional weight 
decreases the number of fragments and/or the 
amount of explosive which can be placed in 
the warhead. However, in applications where 
the acceleration of the exploding device is low, 
such as in missile -warheads or grenades, the 
supporting structure is light and preformed 
fragmentation is widely employed. In the ar- 
tillery shell, which must withstand large accele- 


rati-'.s in the gun, preformed fragmentation 
has never been used. 

(U) One type of preformed fragment which 
has been investigated is the flechette, an 
arrow-shaped fragment (Ref. 63), The ad- 
vantages of this type of fragment are its aero- 
dynamic characteristics, which are far superior 
to those of cubes, spheres, or irregular frag- 
ments. The fin-stabilized fragment has greater 
range, higher remaining velocity (if it does 
not tumble), and greater penetrating power 
than its ‘‘chunky" counterparts at velocities 
under 3,000 fps. At velocities greater than 
3.000 fps, however, the fin-stabilized fragment 
has greater cavitational effect. The difficulty 
in explosively launching fin-stabilized frag- 
ments from a warhead surface, without causing 
excessive damage to the fins of the individual 
projectiles, is the major problem encountered 
with this type of fragment. 

(C) An additional problem is in finding a 
suitable method of holding the fragments in 
position prior to detonation, without hindering 
the launching and flight of the fragment Ex- 
periments have been conducted with small scale 
warheads in which the fragments were 
launched from both the fin-forward and the fin- 
backward positions. A projectile pack which 
was tried in a limited experimental . program is 
shown in Figure 4-101. The fragments were 
imbedded in a polyester resin matrix and 
backed up vrith an aluminum plate and a rub- 
ber buffer. Composition D explosive was used. 
These limited experimental results indicate that 
the fragments may be launched most effectively 
from a point forward position, and that they 
can be launched at velocities of 1,800 fps with- 
out damage. 

(C) One widely used type of preformed frag- 
ment warhead is loaded with cubical steel frag- 
ments. Tests have been conducted on a 
warhead of this type (Ref. 64) l.i which the 
fragments were bonded to a thin steel shell 
which surrounded an annular-shaped explosive 
charge. The major problem was to obtain a 
method of bonding the fragments to the shell 
that provided individual launching of the frag- 
ments and 100 per cent controlled fragmenta- 
tion. The tests indicated that soldering was the 
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most off active method for eliminating fragment 
break-up and for ach' ring fragment separa- 
tion. 

(U) The principle disadvantage in produc- 
ing #warheaO of the preformed fragment type 
is the high coat ^countered in manufacturing 
and assembly. 

4-10JJ. tCJ Matched Maya 

This method of forming fragments consists 
of assembling a series of notched (grooved) 
rings so that each ring forms a section of the 
warhead casing, perpendicular to the axis of 


symmetry. The thickness and width of the 
rings provide control of two dimensions of the 
fragments, while notches along the circumfer- 
ence <>f the ring provide lines at least resistance, 
where breakage in the third plane occurs. Tests 
have been conducted on various sue warheads 
with different weights of fragments, materials, 
and numbers of grooves (Ref. €6}. A typical 
warhead of this type is show., in Pig. 4-102. 
The conclusions reached in these testa were that 
satisfactory uniformity of fragment weights 
can be secur'd, using the following principles: 

1. The width and thickness of the ring 
sho uld U equal. 
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When these principles are adhered to, the 
following usulta may be expected: 

1. The average weight of the majority ."f 
fragments should lie within the range of 
80 to 95 per cent of the design weight 

2. The average fragment velocity should be 
within 10 per cent of the velocity computed 
by Gurney's formula, Eq. 4- 1 20. 

The fragments recovered during the tests 
reported in Ref. 65 indicated that small slivers, 
triangular in cross section, were produced as is 
shown in Fig. 4-103. 

In general, the fracture is a tensile break 
along a radicl line. Near the inner surface, the 
tensile break changes to two 45-degree shears, 
making the sliver. This characteristic is ex- 
plained as follows. With' increasing values of 
acceleration, the tangential or tensile stress de- 
creases rapidly, and may become zero for suf- 
ficiently high acceleration. The shearing stress 
decreases also, but at a much slower rat-, than 
tangential stress. For sufficiently high accel- 
eration, shearing stress may equal or exceed 
the tensile stress. It is concluded that if the 




figura 4-1 02. Notched Sing Warhead 

2. The number of notches per ring for duc- 
tile steel should be determined by the form- 
ula G = 456 V/S, where V = fragment 
velocity (ft/sec.), and S = tensile strength 
of the steel (psi). 

8. The length-to-dlameter ratio of the war- 
head should not be less than 1.25. 

4. Medium carbon, low sulphur steel, Rock- 
well hardness B95 is desirable. 

5. The notches should have sharp bottoms 
with a depth of L to 10 per cent of the 
ring thickness. 

6. The ring should have a smooth finish. 

7. A thin liner should be used. (Five per 
cent of the radius has been found satisfac- 
tory for phenolic.) 


(At NOTCHED RING 
BEFORE FIRING 



(Bt NOTCHED RING 
FRAGMENT PATTERN 

Pjun 4-103 (CJ. Notehad King Fragmentation 
CharacHrMct, Goal-Section Views tUl 
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acceleration is high, at the inner surface the 
ratio of shearing stress to tensile stress will 
exceed the ratio of shearing strength to tensile 
strength, for the metal, and any failure start- 
ing at the inner surface will be one of shear. 

It was found (Kef. 66) that the addition of 
wood or cork cushions placed between the 
charge and case resulted in elimination of the 
slivers. Tile reason given for this is that the 
cushion reduces the acceleration and velocity 
of the case, thereby reducing the shearing stress 
without reducing the tens'le stress. However, 
the cushion reduces the fragment velocity by 
reducing the amount of charge weight available 
for conversion into kinetic energy. 

4-I0.&4, (C) Matched Wire 

(U) The notched-wire wrapped warhead is 
similar in design and theory to the notched ring 
type. The wire is actually a long bar, with two 
of its dimensions equal to those desired for the 
fragments. The bar is notched at intervals 
along its length and wuund in a helix to the 
shape of the warhead casing. 

(C) Reasonably good fragment control has 
been obtained using notched wire wound on a 
cylindrical warhead, in that approximately 80 
per cent of the design number of fragments 
were produced (Refs. G7 and 68). 

4-10.3.5. (C) Notched So 1U Carings 

(U) Instead of notching in one direction and 
having actual discontinuities in the other direc 
tion, such as in the notched ring or wire meth- 
od, casings with a two dimensional network of 
notches (grooves) may be used. The notches 
may either be machined or integrally coat on 
the inside or outside surface of a casing. 

(C) Tests conducted on a machined war- 
head (Ref. 69) of this type were very success- 
ful, in that approximately 89 per cent of the 
design number of fragments were produced. 
The warhead was made by milling a pattern 
of longitudinal and circumferential grooves on 
the inside of s cylindrical tube. The tube was 
then swaged into the modified ogive shape of 
the warhead section. 

(C) Tests were also conducted on three cast- 
steel warheads with internal alots designed to 


TASLE 4-22 (C). FRAGMENTATION RESULTS 
OF INTERNALLY SLOTTED WARHEADS <U1 


Warhead 

No. 

Weight of 
Fragments 
(grama) 

Per Cent of De- 
signed N umber of 
Fragments Produced 

1 

6.5 to 9.5 

79.5 

2 

5.5 to 8.5 

83.9 

3 

5.5 to 8.5 

79.5 


give controlled fragmentation (Ref. 70). Addi- 
tional heat treatment after casting was applied 
to warheads 1 and 2, but warhead 3 was tested 
in the as-cast condition. The design weights of 
fragments were 9.37 grams in warhead 1, 9.13 
grams in warhead 2, and 8JS3 grants in warhead 
3. The results of the teats, considered to be 
good, are shown in Table 4-22. The initial 
velocity was the same for all three warheads. 
A greater number of partial fragments was 
produced by the non-treated casing than lor 
the heat-treated ones. 

4-10.3.4. (C) Ffafed Users 

( U) Instead of using irregularities or weak 
areas in the casing of a warhead for controlling 
fragmentation, a method of shaping or groov- 
ing the charge may be used. The explosive 
charge is shaped so that irregularities of the 
detonation will break up the casing in the 
desired pattern. The charge is shaped by means 
of a liner constructed of plastic, cardboard, 
balsa wood, or similar material which is in- 
serted between the warhead casl.g and the 
explosive. When the warhead is detonated, the 
(lutes or grooves in the explosive give a shaped 
charge effect which tends to cut the metal cas- 
ing in the pattern formed by the (lutes. 

(C) The casing used with fluted liner war- 
heads may be solid (Ref, 71) or partially pre- 
formed by means of rings or wire (Ref. 67). 
Tests on warheads using fluted liners indicate 
that fragment control can be aa successful as 
with the notched casing or notched wire wrap- 
ped types. The fragment velocities from lined 
warheads are lower, due to the reduced ratio 
of explosive to casing weight. Use of the fluted 
liner introduces voids between the casing and 
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explosive, with the result that some loss of 
weight and space for explosive occurs. The 
fluted liner technique is practical for thin cas- 
ings where the flute size and explosive weight 
loss is small. Test results with identical casings 
produced 14 per cent lower fragment velocities 
with the fluted liner than with the notched 
wire wound type of warhead. 

4-1QJ.7. (C) Multi-Wall CnsJigi 

A method for producing a greater number of 
fragments from a naturally fragmented war- 
head has been devised through the use of a 
multi-walled casing (Ref. 72). Tests were con- 
ducted on straight walled cylindrical warheads 
consisting of one to five presa-fitted cylinders. 
The inside and outside diameters were the same 
for all warheads. The total shell thickness was 
divided equally by the number of walls being 
tested. Different charge-to-metai ratios were 
used to determine their effect on the perform- 
ance. 

It was discovered that the number of frag- 
ments produced is directly proportional to the 
number of walls. In this respect, Mott’s Equa- 
tion for natural fragmentation. 



in which N(m) = number of fragments of 
mass greater than m, 

C = a constant dependent on 
the weight of the casing, 

m = mass of the fragment, 

and = a measure of the mean 

fragment mass 

takes the form 


\ V w / 

Nlm)=WCt (4-113) 

for a warhead having W walls. 

The spatial distribution of the fragments 
from multi-walled warheads was satisfactory, 
in the sense that adjacent fragments from each 
cylinder wore separate .in space and showed 
no evidence of being fused together. However, 


it was shown that the fragments deteriorate 
into flaky shapes aa the number of walla ia 
increased. 

4-10.4. (Cl Spatial MsMbttioe 
4-10.4.1. General 

If detonation started at all points simulta- 
neously throughout the explosive, each frag- 
ment would be projected normal to the element 
of casing from which it originated. The fact 
that detonation starts at a finite number of 
points, usually one or two, results in a deviation 
of the direction of projection of each fragment 
from the normal direction. How to determine 
the angle of deviation from the normal is the 
main topic of tikis section. 

In the case of a fragmentation warhead, it is 
usually assumed that the fragmentation pat- 
tern is symmetrical about the missile axis. For 
truly symmetric warheads, the available evi- 
dence does not contradict this hypothesis of 
symmetry of the fragment pattern, although 
there is limited experimental evidence on this 
point Efforts have been concentrated to a 
greater degree on the determination of the 
variation in asymmetric warheads, as dis- 
cussed in the next paragraph. 

Warheads with asymmetric staggering of 
notches in the casing, casings made in more 
than one part, or asymmetric location of the 
point where the detouation is initiated, give 
some indications of asymmetry in the fragment 
pattern. However, the only example in which 
the problem appears serious is that of a very 
asymmetric detonation point, especially if the 
warhead is annular in shape (i.e., has a large 
hollow space along the axis). In this example, 
the detonation wave may strike the casing at 
substantially different angles on the near and 
far sides and produce Correspondingly different 
fragmentation patterns; moreover, in the zone 
where detonation waves traveling around oppo- 
site sides of the annulus meet, fragment shat- 
ter and alteration of velocities are to ex- 
pected. 

Returning to the usual example of 
symmetry, fragment density as a function of 
angle of emission (measured from the forward 
direction of the warhead axis) remains to be 
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considered. Of interest are two different ver- 
sions of this pattern, usually termed static and 
dynamic. The static pattern is the one pro- 
duced if the warhead is detonated while mo- 
tionless, while the dynamic pattern is the one 
obtained if the warhead is in flight. 

4-10.4.2. Prediction of Static Froqmmt 
Potfora 

The basic idea for the prediction of static 
pattern fragments is given In Taylor's theory. 
Applications have been mad’ by Shapiro (fief. 
18) and by Gibson and Wall. In the Shapiro 
method, the shell or warhead is assumed to be 
arranged in successive rings (Fig. 4-102), 
the part of the shell or warhead casing of 
interest being composed of many such rings 
stacked one on another, each with its center on 
tiie axis of symmetry. Although this may not 
be the actual mode of fabrication of the casing, 
the Shapiro method is probably a sufficiently 
accurate approximation for initial design pur- 
poses. 

In order to establish the beam spray angles 
for each ring, the following formula by Shapiro 
can be used. This equation gives the direction 
of fragment throw-off from the warhead cas- 
ing. According to Shapiro, the detonation 
wave emanates as a spherical front from all 
points on the surface of the booster or auxil- 
iary detonator, which is assumed to be a point 
D, as shown on Fig. 4-104. The normal to the 
warhead casing makes an angle fa with the 





figure 4-104 (Cl. factors Used in Estimation of 
fragment learn Angie (U) 


TAIL! 4-23 (Cl. DETONATION VELOCITIES 
OF SELECTED EXPLOSIVES IUI 


Explosive 

Velocity (m/sec.) 

TNT (Cast) 

6640 

Comp B 

7840 

H-G 

7600 

75/26 Octal 

8400 


axis of symmetry, and the normal of the det- 
onation wave r.t a point on the casing makes an 
angle fa with the axis. The deflection $ of the 
fragment velocity vector from the normal to 
the casing is given by Shapiro’s formula 

tAntf=-~cos(^.+d,-d l ) (4-114) 

&Y ti 6 

where 

V,= initial fragment velocity, 
and 

Vo- detonation velocity of the explosive. 

Allowance may also be made for the dispersion 
about the predicted direction of throw. 

Some representative detonation velocities for 
several common explosives are listed in Table 
4-23. 


4-10.4.3. Prediction of Dyawafc Pragma# 
Patter* 


From the static fragment pattern, the frag- 
ment density for the dynamic condition to de- 
rived. If the warhead to moving through space, 
the vector velocities of the fragment (static 
condition) and warhead are added to find the 
actual direction in which the fragment pro- 
ceeds outward. 


The dynamic density 0(0,) for a given direc- 
tion, 0* to obtainable from the static density 
D(i.) for the corresponding direction, #„ by 
the equations: 

y 

ctn 0<=ctn l,+-r~ esc 9, . (4-116) 

r - 
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0 ( 0 <)* 0 ( 0 .) 
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Figure 7 05 . Typical Angular Fragment Distribution 

where 

V ,= static fragment velocity in direction of 
8, in ft/sec., 
and 

V m - relative velocity of missile and target in 
ft/sec. 

Angular distributions of fragments from 
high explosive shells and bombs are experimen- 
tally determined at the Aberdeen Proving 
Ground by detonating static projectiles. For 
these tests, screens are placed around the pro- 
jectile at various distances, and the number 
of fragment hits on each unit area of the 
screens is determined. A typical distribution 
found by this type of test is shown in Fig. 
4-105. 

Results of statically detonated shells having 
various degrees of end confinement and shell 
lengths indicate that the spatial distribution 
is not affected by the type of end confinement, 
but that 'it is affected by the shell length, for 
lengths less than about 1-1/4 calibers (Ref. 74) . 
This is caused by the escape of detonation prod- 
ucts at the ends of the cylinder, thereby releas- 
ing and diverting energy that could be used 
more uniformly, as is apparent from spatial dis- 
tributions of projectiles several calibers in 
length. 

4-10.5. (C) Technique* for Measurement aad 
Rejection of Data (Refs. 47 
' ami 75) 

<U) The techniques employed in measuring 
mass and spatial distributions of fragments 
from both uncontrolled and controlled frag- 
mentation warheads are identical. The tech- 


niques which follow are basic; later improved 
and standardized techniques are available (Ref. 
88). Fragment recovery by a means that pro- 
vides known orientation with respect to the 
warhead is the logical and most frequently used 
technique in fragment distribution tests and 
experiments. 

(U) For fragment recovery, it is assumed 
that the fragments produced will be equally 
distributed around the warhead. Fragments 
are recovered in a sector, usually 180°, and are 
considered as being representative of the total 
distribution. The warheads are noimally sup- 
ported with their longitudinal axes horizontal, 
in *in arena which contains appropriately 
placed recovery boxes, velocity panels, velocity- 
recovery boxes for velocity mass correlations, 
and ricochet stops. Warheads are supported at 
a height that will place their axes in the same 
horizontal plane as the centers of their recov- 
ery boxes. In other words, the axes of the war- 
heads will be four feet higher than the bases 
of the normally eight-foot high boxes. War- 
heads must be supported exactly horizontal, as 
determined by the use of spirit levels or. quad- 
rants. They may be supported in one of two 
ways : 

1. When the total weight to be supported is 
less than 35 pounds, the warhead should 
be suspended from a cord running from 
the tops of opposite recovery boxes, or 
from poles placed outside of the arena. 

2. When the total weight is greater than 35 
pounds, the warhead should be supported 
in a wooden cradle, cut to the contour of 
the under side of the warhead, and 
mounted upon an upright wooden pole or 
poles. 

(U) A ricochet stop is used to prevent frag- 
ments from ricocheting from the ground into 
the recovery boxes. Ricochet stops may be con- 
structed in one of the following ways: a ridge 
of dirt, with or without a retaining wall on 
one side, having a plateau two-feet wide; steel 
plates resting against a ridge of dirt or 
mounted on a frame ; or parallel wooden walls 
enclosing a two-foot thickness of tamped earth. 
Ricochet stops are normally required only 
where there is a possibility of fragments strik- 







ing the ground at angles of less than 15 de* 
grces. 

(U) Recovery boxes are used to entrap un- 
damaged samples of the warhead fragments, 
which are used to determine both spatial dis- 
tribution and the weights of fragments. Recov- 
ery boxes are fabricated of wood and are large 
enough to house four-b.v-eight foot sheets of 
half-inch composition wallboard (celotrx) , or 
other suitable recovery media, to a depth of 
three to six feet. The ixjxes are placed on end, 
with one open side exposing the wallboard to 
the vaiiiw-d. The depth of a box depends upon 
the size and velocity of the fragments expected 
to strike that box. To determine the spatial dis- 
tribution, the recovered fragments must be 
oriented with respect to the warhead location. 
The areas of the recovery boxes are subdivided 
to permit fragment recovery in terms of zones, 
lunes, squares, or other suitable geometric con- 
figurations. A representative fragmentation 
test arena is shown in Fig. 4-106. 

(U) After detonation of the warhead, the 
fragments in the wallboard are located with an 
electronic metal detector. Each fragment is re- 
moved from the wallboard, cleaned of all resi- 
due, and weighed to a maximum error of 1 per 
cent As the fragments are recovered, their 
location in the recovery box is recorded for de- 
termination of spatial distribution. The mass 
distribution is then determined by separating 
the fragments into weight groups. Results of a 
typical mass distribution test are shown graph- 
ically in Fig. 4-107. These results indicate the 
ability of a warhead to produce fragments 
which will be iethal or damaging against the 
target for which it is designed. 

(U) Spatial distribution is a measure of the 
density of fragments in space. The number of 
fragments in any area around the warhead can 
be determined from the locations of fragments 
in the recovery boxes, and a relationship simi- 
lar to that shown in Fig. 4-108 can be plotted. 

,From this curve, the fragment spray can be 
determined by noting the size of sector in which 
effective fragments were projected. In the case 
illustrated, the fragment spray was approxi- 
mately ±24 degrees from the equatorial plane. 



WEIGHT INTERVAL (groint) 


(A) PER CENT WEIGHT OF FRAGMENTS 
RECOVERED IN WEIGHT INTERVALS 



WEIGHT INTERVAL fgrnlnt) 

(B) PER CENT NUMBER OF FRAGMENTS 
RECOVERED IN WEIGHT INTERVALS 


figure 4-107 (C). Histogram of frogmen! Mats 
Distribution tUI 

< U) Strawboard is often used by the British 
when recovering fragments. The density of 
strawboard is approximately twice that of the 
Celotex used in this country. The density of the 
material used sometimes affects the results, be- 
cause secondary fragment break-up may occur 
in the higher density materials, and a true 
measure of the mass distribution may not be 
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obtained. During the fragment recovery oper- 
ation, careful observation as to fragment loca- 
tion and size should be employed, in order to 
detec. any fragment break-up after impact 
with the recovery material. 

(U) Closed sand pits were previously used 
to recover fragments; however, due to frag- 
ment break-up upon impact with the sand, and 
the inability to orient the fragments to the war- 
head location, this method is now considered 
inadequate and obsolete. 

4-11, (C) FRAGMENT VELOCITY 


4-11,1. (U> Introduction 

This paragraph discusses the theoretical 
aspects and experimental techniques for obtain- 
ing the initial and down range (decayed) frag- 
ment velocities. The experimental methods 
include various explosive shapes, types of ex- 
plosives, inert materials included as cushions, 
and detailed photographic instrumentation. 


— 1 .JL (C) Initial Velocity 
4-110.1. (C) Tfceory 
a. (U) General 

The theoretical expression for initial veloci- 
ties has been well predicted by kinetic eneigy 
considerations, and most laws and formulas 
have been derived from the basic kinetic energy 
expreskoru as presented here. 


b. (C) Cylinder* and Sphere* 

(U) The detonation of a long cylinder of 
explosive, encased by a cylindrical shell of 
metal, is considered in the following manner 
(Ref. 24). If It is the mass of metal and Cthe 
mass of the charge, and if during the expansion 
the velocity of the gas increases uniformly 
from zero on the axis to the fragment velocity, 
V, at the internal surface of the expanding cyl- 
inder of metal, then the local kinetic energy is 


_ JfF* CV' 

T= 

2 4 


(4-117) 


it any instant. If E is the energy per unit mass 
(specific energy) of the explosive that can be 
converted into mechanical work, then it fol- 
lows that, at the time when all this energy has 


been converted, the fragment velocity (usually 
called the initial fragment velocity) is given by 


V= V2 E J - C/M . (4-118) 

1 l+C/2tf 

The velocities predicted by Eq. 4-118 were 
found by Gurney to be in good agreement with 
the experiment, when the quantity \/2E was 
given a value of 8,000 fps for TNT. 

(C) Picatinny Arsenal (Ref. 76) gives the 
value of \/2 E as 8,800 fps for Composition B 
and C3 explosives. 

(U) Gurney's formula for spheres, obtained 
in a similar manner, is 


V= s/2E J — C/M . (4—119) 

1 1+3 C/5M 

(C) For the initial fragment velocity jf a 
cored cylinder, where a, is the ratio j L the core 
radius to internal cylinder radius, at rupture, 
the initial fragment velocity (Ref. 77) is 

V=y/2E I — . (4-120) 

1/ l+C(3+a,) ' 

" a+o,) m 

For steel, a,sr— - , where a is the initial ratio of 
l.o 

the core radius to the internal cylinder radius. 

(C) Sterne (Ref. 78) gives fragment veloc- 
ity of a spherical shell containing an inert core 
as 

V- V2 E yj j-——-—. (4-121) 

where 

1 +3a T +6o r , +5a r 1 
(l+a r +a r f )* 

Again, a, denotes the radius of the core divided 
by the radius of the spherical shell, and may 
be taken as the original a divided by 1.6. 

c. (C) Flat Charge* 

(1) Sterne’s Flat Plate Formula 
Considering the velocity of fragments from 
a flat slab of metal in contact with a flat slab 
of high explosive, all in free space, Sterne (Ref. 
77) writes the momentum balan ce as 


U-V 

c^-JL=mv 
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i 
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where Af=thc mass of metal per unit area, 
r=the mass of charge per unit area, 

V = t’w velocity of the metal at any in- 
stant of expansion, 

a::<l If- the gas velocity at the free bound- 

Assuming r: ‘irm pas velocity variation 
from U to V, ths Kinetic energy of the gas is 


T 


r _ .r* 4 -u--uv). 
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Assuming *'int the •ntorna! energy of the ex- 
plosive. FA'. i< eon. vvterl into kinetn ■••iei-cy of 
metal and pas, by application >*/ the .■''•■hi- Hat 
plate formula: 


:;r r,.u 
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(2) Flu Swiriwmi I hurxr* 

In the c:u— of • • of metal w m mass 

i»,t unit ar^a of • \l . separa!*''' a slab 

of high lu'ich charge of mass 

per uni: are.. C. t-“ : • «pment velocity is 


V 


where 


c 

2 E\i C 

\ M ~M,v < 1 -!/ + ¥’) 

(4-124) 

M- a- C/2 
V ~ 2 


For the symmetric case .V, -M-. 

■' C/ 2 M, 

V ='^y i -cm 


(4-125) 


d. (C) PrujertiiM from it w End of High 
Explosive 

(U) Hauver and Taylor (R-f. 79) present a 
method of projecting a thin p.ate, intact, with 
minimum deformation. Sterne's equation 


J 

* <* 


&yE _ p.t. 

-D(^-4r P ,t, 


was found to apply, in which 


(4-126) 


P = density, in slugs/cu in., 
t=thickness, in inches, 

E= specific energy of explosive, in ft-lb/slug. 


e=explosive, 

and 

p-nlate. 

(C) The Misznay-Schardin effect (project- 
ing plates from the end of high explosives) , de- 
scribed by Pugh (Ref*£0) , states that the axial 
fragment velocity is " well represented by 
Sterne’s equation. 

(C) Experiments have produced velocities 
up to 5.4 km/sec. for a pellet projected from 
a cavity at the end of a cylinder of explosive. 

*. (C) Effect of Type of Explosive on 
Velocity 

Experimental results from Grabarek (Ref. 
mi ) list the relative fragment velocity of thin 
and thick walled warheads. Taking Composi- 
tion B as 1.00, tne relative fragment velocities 
of HBX and Tritonal, for both thin and thick 
wall-’d warheads, are found to be 0.92 and 0.82, 
respectively. Statistical tests applied to the 
data showed that these differences are signifi- 
cant. 

By ratioing Gurney’s Constant, E, the Naval 
Ordnance Laboratory gives the following, par- 
tial list for several explosives: Composition 
B -1.00; PTX-2=1.01; HBX-3=0.83; and 
Baratol=0.59. 

Sheperd and Torry (Ref. 82) measured the 
average speed of fragments from the No. 70 
Mk II grenade for various explosive fillings, 
and list the following velocities: Amatol (80/ 
20=2,000 ft/sec.: Baratol (20/80) =2,705 ft/ 
sec.; TNT=3,730 ft/sec.; and RDX/TNT (50/ 
50) =4,245 ft/sec. 

/. (U) Effect of HE Confinement on 
Velocity 

The United States Naval Proving Ground 
(Refs. 83 and 84) lists the fragment velocities 
found from open and closed ends of cylindrical 
warheads. Small length/diameter ratios were 
used as shown in the results listed in Table 
4-24. 

In another report, cylindrical warheads with 
axial cavities were detonated for fragment ve- 
locity measurements. Under the conditions of 
the test, the removal of an axial core of explo- 
sive results in the reduction of fragment veloci- 
ties as indicated by Table 4-25. 
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TABLE 4-24. COMPARISON OF FRAGMENT VELOCITIES FROM 
OPEN. AN9 CLOSED-END 6" CYLINDERS 


Measurement 

I/d Ratio=H 

1/d Ratio 

=1 

Location 

(Open End) 

(Closed End) 

(Open End) 

(Closed End) 

Fuze End 

4,360 ft/sec. 

5,090 ft/sec. 

4,480 ft/sec. 

3,260 ft/sec. 

Side Spray 

3,420 l’t/sec. 

4,110 ft/sec. 

4,570 ft/iec. 

4,960 ft/sec. 


Gurney (Kef. 85) considers the hypothetical 
case of a cylinder which expands indefinitely 
without cracking. At any moment during this 
expansion, when the radius has reached a value 
r. let the velocity of the metal be V. As the 
value of r tends to infinity, V tends to a limit- 
ing final velocity V,. The value of i MV, 1 is 
less than E , the difference being the kinetic 
energy retained by the explosion gases. The 
expression for the kinetic energy of the metal 

where 


(2 y -l> (1+C/J#)» -i 

A= £ — y (4-128) 

(y- 1 ) L<l + C/Mfr“ -lj 
M =mass of metal per unit length, 

C=jna 3 S of explosive per unit length, 


and 

E - energy per unit length liberated from ex- 
plosive by the passage of the detonation 
wave. 

The value of A is less than unity, unless C/M 
is negligible in comparison to unity, in which 
'•■ v- A is unity. From Eq. 4*127, for A=l, 
E~l/2MV r ', and 


vr (u v'r-nv* 
rl u ) J (4-129) 

where 

r,~ initial internal radius of metal cylinder, 
and 

y= ratio of specific heats of propellant gases. 


While 1.26 for y is usual, Thomas (Ref. 86) 
used 2.75, which is some average value between 
y of a gas and y of a fiuid. 

Finally, for the per cent of the total charge 
lost through cracking, Gurney (Ref. 85) gives 

K f 2M V'* /r-r,\ ,/J 
* W = r. \ „ ) \ r, ) (4-130) 

where 

AT < 1/2 cos 8, 

8 = angle between cracks made with elements 
of the cylinder. 
p = propellant density, 
and 

M - mass of metal per unit length. 

Using average numerical values, Gurney 
shows only small amounts of gas will escape. 

g. (U) Effect of Werhoo d Length/ Diamrier 
Ratio on initial F ragmont Velocity 

None of the theories used for predicting ini- 
tial fragment velocity (Gurney, Sterne, etc.) 
takes into account the effects of warhead length 
or of the end plates of the warhead on the 
development of the detonation wave, nor is 


TABLE 4-2S. EFFECT OF AXIAL CAVITIES 
ON FRAGMENT VELOCITIES 


Percentage of 
Explosive 
Remov'd 

Charge-Mass 

Ratio 

Mean 
Velocity 
f ft/sec.) 

0 

0.9218 

6,070 

14.1 

0.7913 

5,560 

31.8 

0.6281 

4,840 

55.6 

0.3997 

3,700 
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there much information available on this sub- 
ject It has been shown, however, that when 
the length of the warhead is not effectively in- 
finite, and particularly when the warhead 
length/diameter ratio is less than 2, the veloci- 
ties predicted by the various theories are not 
achieved. Correction (?) to the initial velocity 
of side-spray fragments from a cylindrical war- 
head, due to variation in the length/diameter 
ratio, is shown in Fig. 4-109 (Ref. 87). 

4-UAt (C) Mewereswsf Techniques 

a. (U) General 

The initial velocities of fragments produced 
by the explosion of a warhead or shell are de- 
termined experimentally by several methods. 
Each method employs some means fur record- 
ing the time of flight of the fragment over a 
measured distance. The average velocity of the 
fragment is then calculated, using this time 
and tha known distance. In most cases, the 
fragments are recovered and identified, so that 
an analysis of velocity versus mas- may be 
made. In addition, the distribution of the frag- 
ments is determined for use in the analysis of 
the effectiveness of the warhead. The following 
paragraphs describe some of the com t. on 
methods of measuring the velocity of frag- 
ments. 

b, (U) Flatk Photographic Method 

The rapidity and broad scope of improve- 
ments being made in the flash photographic 
method of measuring fragment velocity render 
it infeasible to describe such a method in a 
publication of this type. Ref. 88 describes the 
latest method in use at the time of this writing. 

e. (U) S hado w Image Method (Ref. 90) 

Thi method consists of recording, with a 
rotating drum camera, the shadow images of 
the fragments passing in front of three illum- 
inated slits. The slits are equally spaced, and 
when illuminated they produce three bands on 
the moving film. The slits are illuminated for 
a time slightly less than that required for one 
rotation of the film drum. Fragments passing 
between the slit box and camera produce 
shadow images on these bands. The velocity of 
a fragment, with suitable correction for devia- 
tion of its trajectory from horizontal, is in- 


versely proportional to the relative displace- 
ment along the film of the three image spots. 
The three image spots produced by each of a 
number of fragments passing in front of the 
camera, at about the same time, are easily 
identified because they lie on a straight line. 

The fragment velocities measured by this 
method are actually average velocities measured 
over the distance between the slits. Since this 
distance is usually small, the calculated velocity 
may be considered as being the instantaneous 
velocity of the fragment at a distance s, which 
is the average distance from the point of ini- 
tiation to the slits. The initial velocity may 
then be calculated by using the aerodynamic 
drag principle, as described in Par. 4-1 1.3. 1. 

d. (U) Multiple Break-Wire Screen Method 
(Refs. 91 and 92) 

This method uses a wire screen, located at a 
known distance from the warhead, for measur- 
ing the fragment velocity. The screen includes 
n bank of identical resistors in parallel. The 
resistors are mounted on a terminal board, with 
one end of each reaistor tied to a common bus. 
The other end of each lesistor is terminated at 
another common bus by the individual wires 
making up the screen. A typical screen is 
shown in Fig. 4-110. 

The fragments travel a measured distance to 
the screen and break a number of the wires. 
The breaking of each wire produces a voltage 
change in the screen circuit. After shaping and 
amplification, the voltage deflects the electron 
beam of a cathode ray indicator. A high-speed 
streak image camera views the face of the scope 
and records the action of the intensified electron 
beam. 

Light from the explosion triggers a photo 
tube which is used to trigger the scope to indi- 
cate the start of the explosion. Simultaneous 
recording on the film of a known time base com- 
pletes the data necessary to determine the time 
of flight of each fragment to the screen. 

A modification of this method utilizes a pre- 
determined, single-frame raster or pattern of 
scanning lines displayed on an oscilloscope 
screen. The raster is triggered at the instant of 
warhead detonation. Spikes impressed on the 
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Official U. S Kmt Piatograoh the fragment over the diataaee x. The initial 

velocity of the fragment may be determined by 
applying the aerodynamic drag principle de- 
acribed in Par. 4-11.3.1. 

a. (C) Flash Radiographic Method 
(Ref. 89) 

This method utilizes two flash radiographs 
for determining the distance traveled by the 
fragments during a known time interval. Be- 

Official U. S. Army Photograph 




Figure 4-1 1 0. Multiple Iraak-Wira Screen 

raster indicate the arrival time of the frag- 
ments at the wire screen, and a developing 
camera records the evunt. A photograph show- 
ing raster calibration and a typical firing record 
is snown in Fig. 4-111. 

Without any sacrifice of accuracy, this modi- 
fied method ran be used to obtain either sub- 
sonic or supersonic velocities of fragments, 
regardless of the time of detonation. Much leu 
film is used in this method than in the method 
employing the high speed camera. In addition, 
the record is available for reading within a few 
minutes after firing. 

The velocity obtained by dividing the known, 
distance from the warhead to the wire screen, 
x, by the time of flight of the fragment as meas- 
ured from the film, (, is the average velocity of 


(A) CALIBRATION 



(B| RECORD 

figure 4-1 1 1 . Trpki4 taper Calibration and firing 
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cause the amount of explosive used with this 
method is limited to approximately one pound, 
a scaling problem nan exist. Therefore, the 
flash radiograph method is more often used for 
qualitative than for quantitative results. 

The warhead a set up in firing position and 
a static picture is taken. A “primacord clock" 
consisting of pin electrodes is initiated simul- 
taneously with the warhead. When the prima- 
cord detonates to the pin electrodes, which have 
been placed at c calculated distance from the 
point of initiation for the desired time interval, 
the hot gases ionize the gap between them and 
trigger the X-ray unit. By this means, another 
picture is taken after detonation. 

Fragment velocity is then determined by 
superimposing the two negatives and measuring 
-he expansion in the following three zones: 2 
era from the top; at the center; and 2 cm from 
the bottom. The size of the static picture, s, 
subtracted from the total expansion, x, and 
divided by twice the magnification factor, p, 
gives the actual distance traveled, d, or 



The average velocity, V, for each zone is then 
calculated by dividing the distance d by the 
time t, or 



where t is determined by the length of the 
primacord. 

Figs. 4—112 and 4-113 are contact prints 
from radiographs of a steel cylinder filled with 
RDX Composition C-3. before detonation and 
25.19 microseconds after detonation, respec- 
tively. Other radiographs were taken at 60 and 
67 microseconds after initiation. For all three 
of the post-detonation radiographs, the meas- 
urements indicated that, the velocity of the 
, fragments was 1,338 meters per second. This 
i proves that the times and distances involved 
< In this method of velocity measurement are 
! such that no velocity decay takes place. There- 
fore, the velocities of the fragments, aa meas- 
j ured, may be considered equal to or nearly 
equal to the initial velocity of the fragments, 
without the need for applying correction fac- 
1 tors for drag during this short time interval. 


4-1 U. (Cl Velocity Decay 
4-114.1. (Ul tteery 

This paragraph presents the theory and ex- 
perimental techniques for determining the 
decay of fragment velocity from some iuitiai 
velocity. It is assumed that a quadratic law of 
resistance applies to the motion of the frag- 
ments; an assumption well substantiated by 
experiment. 

The ability of a fragment, projectile, or flech- 
ette to penetrate a target is dependent upon its 
velocity at the instant of impact This velocity, 
referred to as striking velocity, will be less than 
the initial fragment velocity because of the de- 
crease due to air draj. 

Ir. the movement of a body through a fluid 
medium such as air, the body encounters a cer- 
tain amount of resistance, tending to retard its 
motion <Ref. 93). The major source of resist- 
ance lies in the unbalanced pressure distribu- 
tion over the surface of the moving body. Rea- 
soning that a body of cross-sectional area A, 
normal to the direction of flight, and moving 
with velocity v, will impart its own speed to a 
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mass of fluid of mass density p, and that the 
force necessary to do this is proportional to the 
rate of change of momentum, the resistance or 
drag, D, offered by the air is found to be 

D=±-Co?AV’. (4-131) 

While the mechanism of resistance is much 
more complex then indicated, this quadratic law 
of resistance applies in a great variety of casas, 
provided the aerodynamic drag coefficient, C c , 
i* properly evaluated. The value of C* depends 
principally upon the size and shape of a body 
and its velocity. In the case of a projectile the 
resistance is sometimes written 

D=Koed'V> (4-132) 

where d=the projectile diameter, 
and £„= ballistic coefficient of resistance. 

Note that 


and that for projectiles, —= — . 

rf* 4 


The value of the drag coefficient is usually 
obtained from wind tunnel experiments where 
the resisting force, R, is measured for a given 
air velocity. Then the drag coefficient, C a , is 
computed, based on some presented area, A. 
Hence, the scaling laws can be applied for 
similar shapes and various velocities, provided 
the area upon which the drag coefficient was 
computed is given. A typical curve from a 
bullet of Co versus the Mach number M is 
shown in Fig. 4-114. 

Note that there is a large change in the drag 
coefficient for the region around Mach 1, pass- 
ing from subsonic to supersonic velocities. 

In general, then, the equation of motion for a 
body in flight of relatively flat trajectory (the 
effect of gravity is neglected) is written 


_ T ,dV 
D-mV-— 
dx 


(4-133) 


where m is the mass of the body. Applying the 
quadratic law of resistance, and integrating 


v, x 


/ 2m 


(4-134) 


where V, is the down range velocity at distance 
z, and V. is the initial velocity. In most cases, 
where the initial and th,e decayed velocities re- 
main above the sonic value, an average value of 
Co is assumed and the integration yields the 
down range velocity as 


i Copt 4 


V,=V* • 


(4-135) 
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If one t» given the drag coefficient, C„, of a 
fragment and the necessary striking velocity 
(in this case V.) at the down range position, 
the necessary initial velocity can be coasted 
from Eq. 4-135. 


The drag coefficient for fragments is usually 
determined by measuring the times of flight of 
a projected fragment over known distances x, 
and x, (Ref. 94). Eq. 4-133 is left in a finite 
difference form and C u is defined by the equa- 
tion 

D=C»A f V' 


Substituting in Eq. 4-133 gives; 


and 


aV 

C„V 



-aV 



(4-136) 


Referring to Fig. 4-115, the term AF is the 
difference in the average velocity over a meas- 
ured distance, where the times t, and t, are 
obtained from three velocity screens. 


From Fig. 4-115, lS “ 


and 

'* *1 

V, and V, are taken as the velocities st the mid 
points of the distances Xi and x„ so that 

hX=y(Xi+X.) 

and 

V^,y, + v.> -KfJ). 

Having accurately measured the distances x, 
and x„ and the times t, and the drag coeffi- 
cient Co is obtained from Eq. 4-136. As pre- 
viously stated, the drag coefficient must be 
based upon some given fragment presented 
ana. A mean presented area is determined as 
discussed in the Par. 4-11.3.2, loilowing. Re- 


sults cf teats conducted on various fragments 
are shown ii Fig. 4-116. It can be seen from 
the c u-ves how C* varies with respect to frag- 
ment shape and velocity. 

4-11X2. (Cl Msaiw—s a4 TedWqMt 

m. (C) G**rml 

The variables which must be determined for 
each different fragment are the drag coefficient, 
C 0 , and the presented area, A. The equation by 
which C 0 is obtained was derived in Par. 4- 
11.3.1, preceding, and is repeated here: 

-AV 

• . I4 - ,38) 

m 

In order to determine aV and V, of the 
equation, the velocities of a fragment must be 
measured at several points along its trajectory. 
These velocities may be measured by either the 
wire screen (Par. 4-llX2.<2.), shadow image 
(Par. 4-11X2.C.) , or flash photograph ( Par. 4- 
11.2X6.) methods, or by other suitable 
methods. The fragments for these tests may be 
projected either singly from a gun, or in groups 
from a warhead. In the former method, the 
fragment is placed in a cup-shaped container, 
called a sabot, which lags behind the fragment 
after it emerges from the gun. 

h. (C) Wire Screen Method 

When the fragment is to be fired singly from 
a smeoth-bore gun, the wire screen measure- 
ment method is normally employed. For these 
measurements, three wire screens are deployed 
as shown schematically in Fig. 4-117. Aa the 
fragment in its flight breaks a wire in each 
screen, a sharp voltage pulse is produced which 
starts or stops an electronic chronograph. One 
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set of chronographs is started by the pulse from 
the first screen and stopped by the pulse from 
the second screen. This measures the time <i 
over the distance x ( , from the first to the sec* 
ond screen. Another set of chronographs simi- 
larly measures the time f 3 over the distance x„ 
from the second to the third screen. The aver- 
age velocity over x t is Vi-^- and the aver- 

age velocity over z, is V,=~. It is assumed 

that these are the velocities at the mid-points 
between the screens. 

c. (U) Shadow Imago Method 

The velocities of fragments projected from 
a shell or warhead may be measured by either 
the shadow image or flash photograph methods 
(Ref. 97). The shadow image apparatus meas- 
ures the velocities of the same fragments at 
three locations which are of known distances 
x, and x, apart Only c small portion of the 
total number of fragments produced is al- 
lowed to pass in front of the slit boxes for 
velocity measurements. Normally, controlled 


fragmentation warheads are used in these 
tests, so that representative velocities of the 
fragments which are lethal are obtained. Only 
major, or design size, fragments are con- 
sidered, because the velocities of the small frag- 
ments and slivers may be greater for short dis- 
tances and smaller for large distances, thereby 
affecting the value of C u - 

d. (U) Flash Photographic Method 

The flash photograph method of velocity 
measurement (Ref. 95), employs flash targets 
located at various distances from the initiation 
point. Since the velocities of the fragments 
would be considerably reduced in passing 
through the target used in this method, it is 
necessary to measure a different set of frag- 
ments for each target A schematic picture of 
a typical test setup, with targets for measuring 
five velocities at different distances, is shown in 
Fig, 4-118. To eliminate the velocities of the 
small fragments and slivers, recovery screens 
are placed behind the targets and all of the 
fragments are recovered. Only those velocities 
which are definitely correlated with major 
fragments are retained. 
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e. (U) Determination of Fragment 
Preiented Area 

Determination of the presented area of a 


the gimbal system. These signals arj amplified, 
rectified, and then metered. The meter reading 
is used to determine the presented area. 


fragment is difficult, since orientations of the 
fragment vary during time of flight. The as- 
sumption is made that fragments are tumbling 
when projected from a warhead, and that the 
uniform orientation theory is applicable. Based 
on this theory, the mean presented area of a 
fragment is used. The mean presented area of 
a regularly shaped fragment is taken to be one- 
quarter of the fragment’s total surface area. 
An Electro-Optic-Icosahedron Gage (Ref. 76) 
is used to measure the mean presented area of 
irregular fragments. A schematic diagram of 
the gage appears in Fig. 4-115. In general, the 
oscillator delivers a modulator signal through 
the driver unit to the light source. After colli- 
mation, the modulated light is directed on the 
gimbal system, on which is mounted the frag- 
ment whose area is to be determined. After the 
light beam passes through the condenser lens, 
it is focused on the photo tube. Minute, elec- 
trical signals originate here that are propor- 
tional to the total light flux permitted to pass 


To determine the mean presented area of a 
fragment, the presented area is measured with 
the fragment in 16 different orientations. The 
16 orientations correspond to the normal, the 
ten essentially different mid-points of the faces, 
and the five essentially different vertices of an 
icosahedron. The remotely controlled mechan- 
ical gimbal system automatically orients, to the 
desired angles, the fragments whose areas are 
to be measured, and communicates these posi- 
tions to the operator through indicating lights. 
Fig. 4-120 illustrates the gimbal system with a 
mounted fragment. The gimbal system is ca- 
pable of orientation about the following two 
axes: 

1. The horizontal axis coinciding with the 
ring gear diameter, motion about which 
is defined as “tilt.” 

2. An axis perpendicular to the horizontal 
axis at the ring gear center, about which 
the gear may rotate in its own plane of 
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motion. This motion is defin'd as “rota- 
tion." 

The 16 different orientations which are em- 
ployed are shown in Table 4-26. The mean 
value of the areas measured, with the fragment 
oriented in the poistione shown, is used as the 
mean presented area of the fragment for deter- 
mining the drag coiRcieni. 


4-12. ($) MECHANISMS OP PENETRATION 
AND PERFORATION BY SINGLE 
FRAGMENT* AND PROJECTILES 

4-12.1. CO) IntradecMoa 

This paragraph presents the theory of pene- 
tration and perforation, as generally used for 
projectiles against various targets. Certain ex- 
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“'implea of axperimrnta! data are alio included 
to illustrate the application of the theory. 


TAIL! 4-24. ORIENTATION ANGLES USED 
WITH GIMBAL SYSTEM 


4-12* (S) Theory 
4-12*1. IS) Geeeral 

(U) The theory of penetratioa is usually 
some form of the Poncelet Resistance Law; it is 
baaed on projectile motion through a target 
being similar to a projectile’s motion through 
air or water. 

(S) To determine the relation between the 
penetration power and perforation power of 
projectiles, and the physical properties of tar- 
gets, the target resistance ft to the projectile is 
assumed as 

ft=lfi + 12yp(P-K 1 ) , ]A (4-137) 

where ft “resisting force, in lb, 

V “ instantaneous projectile velocity, in 
in./sec,, 

target density, in Ib-sec'/in. 4 , 
g» maximum stress that can be main- 
tained in the material of the target 
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without rupture occurring, in lb/ 
sq in., 

V,= particle velocity in the rupture 
front, in in./sec., 

<4 = the projection of the area of con- 
tact between the projectile and the 
target, on a plane perpendicular to 
the line of flight, in square inches, 

and y= target resistance coefficient (analo- 
gous to a drag coefficient) . 


(S) The velocity, V-, depends on the form of 
the stress-strain curve of the material of the 
target, and it is analogous to the rupture veloc- 
ity in a semi-infinite wire where it is snatched 
at one end. This velocity is generally small; it 
is neglected, here, to give 

/?=<£+ 12 yp V'M (4-138) 

which is the Poncelet Resistance Law. The 
Poncelet Resistance Law attempts to account 
for the two most important components of re- 
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aistance: the strength of the target material; 
and the inertia of the target material. Values 
obtained for B from experimental data are rea- 
sonable, in that B is large for strong materials, 
such as rolled homogeneous armor, and is small 
for weak materials, such as gelatin and sand. 
In the latter case, the inertia term is predomi- 
nant. However, the resistance to penetration is 
much more complicated than the Poncelet Re- 
sistance Law implies. Thus, the value of B will 
change with the shape of projectile and the tar- 
get thickness. Nevertheless, the Poncelet Re- 
sistance Law is useful for analytical purposes, 
because it can be made to fit experimental data 
over a limited range. It should not be extra- 
polated, however. 

(S) When a target material has considerable 
strength, such as steel, the inertia ten i usup'ly 
is neglected. The Poncelet equation then im- 
plies that the target resistance is BA, a constant 
times the presented area. Bethe, in a detailed 
treatment of the resistance during penetration, 
found the resistance to radial motion of the tar- 
get material to be of this form for very thin or 
very thick plates. In practice, longitudinal re- 
sistance is not negligible, so that R-BA does 
not hold. For instance, If R=BA 


i 

i 


where t is the thickness that can just be per- 
forated at the striking velocity V, but it is 
found that 


with n usually lying between 1 and 2. Hence, 
for strong target materials, a more general ap- 
proach based on dimensional analysis is used. 
Putting 

t=f(M, A, V.C.D) 


where M is the mass of projectile, 6 is the obliq- 
uity, and C is a strength parameter; then 


* 


MV * 
A ln 




(4-139) 


should hold for homologous projectiles. An 
equation similar to the last equation is used 
by the Navy. This involves an F coefficient de- 
fined by 


W y, VeO»$ 

IFd 




(4-140) 


When Eq. 4-139 is tested experimentally, it is 
found to account for scaling reasonably well, 
althoug!. large projectiles are found to per- 
forate. at velocities somewhat lower than"!? 
predicted from small projectile data. 

(S) Examples of penetration formulas are 
given below. It will be noted that most for- 
mulas are variations of the Poncelet equation, 
or of thj equation obtained front dimensional 
analysis. Most of the law3 imply that the thick- 
ness , i'rf orated is proportional to — a predic- 

A 

tion in good agreement, except for large 
changes, with experimental data. For normal 
attack by irregular fragments, if p_ is the den- 
sity of the material of the fragment, p is the 
density of the target, and if the dimensionless 
quantity, k (shape factor), is defined by 


1:= average — 


(volum )■''* 


presented area’ 
then the moan depth of penetration of frag- 
ments of mass m is 


<l+-£-V.’). 


(4-141) 


4 - 12 . 2 ^. ($) Arm or Plate (Sfrtthg V«IocHy< 

10,000 fps: 

The perforation of armor plate of thickness 
T, at an angle of obliquity 6, by an ogival- 
headed bomb is given by Walters’ and Rosen- 
head's expression (Ref. 44). 



(4-142) 

in which d is the bomb diameter and the other 

B 

terms are as previously defined. The value of — 

P 

has been experimentally deduced us 2.01X10* 
(ft/sec) J . The corresponding value of £ is 95 
tons per square inch, but the ultimate tensile 
strength at low rates of strain varies between 
65 and 80 tons per square inch. Typical test 
results for attack of homogeneous plates by 6- 
pounder shot are shown in Table 4-27. 


TAIU 4-27 (Si. PIN ET RATION DATA, HOMOGENEOUS HATES VS 
SIX-POUNOER SHOT (U) 


i 

.La.) 

m 

(lb) 

V. 

(ft/sec.) 

1 

(deg) 

T 

(mm) 

Bfr 

(ft/sec.)* 

225 

6.25 

1,783 

30 

60 

1.91X10* 

225 

6.25 

2,090 

30 

70 

2.04 " 

225 

6.28 

2.250 

30 

70 

2.37 " 

225 

6.28 

2,640 

30 

80 

2.61 “ * 

225 

6.31 

1,920 

30 

60 

2.25 * 

225 , v 

7.25 

1,665 

30 

60 

2.09 “ 


4-12AJ. (S) Mild SM 

Road Research Laboratory (Ref. 98, es 
the following partial list (Table 4-28) for the 
penetration of mild steel plates by spherical 
balls. V, is the velocity necessary for perfora- 
tion, T the plate thickness, and D the diameter 
of the spherical projectile. From this list i 3 
deduced that R=44 tons per square inch. 

From dimensional analysis, for fragments of 
si milar shape the relation for steel fragments 
attacking mild steel is of the form given by Eq. 
4-139. 



The unknown function i® obtained 


approximately from experimental data (Ref. 
( 01 ) : 

For normal obliquity 

r My* -]•/• 

where C-0.61X 10* pounds per square inch in 
the British Gravitational System. 

Experimental data presented by Dunne show 
good agreement with the above scaling for both 
irregular fragments and rectangular parallel- 
epipeds. 

Figs. 4-121, 1-122 and 4-123 plot t/y/S 
MV* 

versus J- — for angles of obliquity of 0 de- 

id 1 '* 

greet, 30 degrees, and 60 degrees, respectively. 
The graphs give reasonable values when com- 


TAMS 4-28 (SI. PEN IT RATION DATA. MILD STEEL PLATES VS 
SPHERICAL RALLS (VI 
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(in.) 

D 

(in.) 

V, 

(ft/sec.)* 

B/p 

(fi'/sec.)* 

V 

(calc, ft/sec.) 

.040 

025 

600 

0.60X10* 

780 

.040 

0.125 

1,150 

0.82 “ 

1.220 

.070 

0.125 

2,200 

1.11 “ 

2.160 

.070 

0.0938 

2,650 

0.84 - 

• 2,850 

.099 

0,125 

3,200 

1.05 " 

3,050 

.099 

0.0938 
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0.79 “ 
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paring Axed parameters of projectile shape and 
cbljquity, and projectile and target materials. 

As a result of experimental firings of general 
purpose bomb fragments against mild steel, the 
following empirical formula has been obtained 
for thickness, t, perforated at normal impact 
(Ref. 102). 

‘=°- u2 ""'-(is»r <4 - u4) 

Here t is in inches, if is the weight of the frag- 
ment in ounces, and V the striking velocity in 
ft/sec. The ballistic limit on which this formula 
is based ranges from 1,690 ft/sec. to 3,775 
ft/sec., and the weights of the fragments vary 
from 0.197 ounces to 0.130 ounces. Note that 
the numbers 0.012 and 1,000 must be dimen- 
sioned constants for this equation to be correct. 

Welch (Ref. 102) reproduced the following 
list (Table 4-29) of the required critical values 
of a parameter for penetration versus angle of 
obliquity. The values listed are for the expres- 
sion 


TABU 4-2? (SI. CRITICAL VALUES OF 
PENETRATION PARAMETER VS ANGLE OF 
OBLWim (III 


Angie of 
Ooliquity t n 

Penetration 

1,000 1 

0 

73 

20 

63 

40 

6.7 

60 

83 

70 

17.5 

80 

25 


1,000 1 

where m= fragment weight in ounces, 
l=piute thickness in inches, 
and V,— velocity for perforation in ft/sec. 
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Figurt 4-1 22 fSJ. Graph of I /2MV J /CA' /J vt t / \/A, for 30 Oagraai lUi 


4-12.14. (Cl Aluminum Alley t 

Taylor (Ref. 103) found experimentally that 
penetration of duralumin plates by steel spheres 
at velocities of up to 4,000 ft/sec. can be de- 
scribed by a Poncelet equation: 


»«*!,*• I 



where ■=» dimensionless constant corre- 
sponding to a drag coefficient, 

0=a constant that relates t* the re- 
sistance of the target material, in 
lb/sq. in. 

pi - target mass density, 

A— area of hole, 

V = velocity corresponding to 50% 
probability of perforation, 
x — depth of penetration, 
and m-mass of pellet. 


For best general results, Taylor uses V l s * in- 
stead of V-, «=0.40, and /?-3.49xlO’ Ih/ 
sq. in. There is evidence that a different value 
of fi should be used for velocities below 1,000 
ft/sec. 

4-1 1X5. (U) Titanium Alleyn 

The considerable experimental data obtained 
for penetration of titanium alloys is too detailed 
to be presented here. Perhaps the most exten- 
sive data is presented in reports by Midwest 
Research Inst'tute (Ref. 100), describing the 
depth of penetration, ballistic limits, and the 
various parameters used for comparison. 

4-112.4. (C) Seft Target s 

Repeated experiments (Ref. 104) with steel 
spheres of various sizes showed consistently 
that a critical striking velocity of V c = 5,200 
cm/sec. is required to break the skin of goat*, 
which is considered to be compatible with 
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human tissue. The experimental data were all 
consistent with 

(4-146) 

where V, is the remaining velocity after emer- 
gence, V, the striking velocity greater than V« 
i the skin thickness in centimeters, and d the 
sphere diameter in inches. Sterne (Ref. 105) 
rewrites the equation, to account for an (A/m) 
factor, as 

V,~ (V,- V", )«- ( JL ) • (4-147) 

where A is the missile cross-sectional area, and 
«n is the mass of the missile. 

For fragments striking the skin, snd for 
average skin thickness of s= 0.176 cm 

V,~ 5200 + V. . (4-148) 

For penetration through soft tissues with 
steel balls 


V f -V, ****** 


(4-149) 


For penetration, P, through bone, with steel 
spheres of radius r 

P=2L31X10-‘ r* V,* '(4-150) 

with P in millimeters, r in inches, V, in ft/sec. 

For complete penetration of non-apherical 
fragments through bone 


V, --V, (l 


8.06X10' PA 


r 

) (4-1 


in cgs. units. 

For penetration into gelatin tissue models, 
the dynamics of a sphere above the critical 
velocity are described by the following equation 
(Ref. 52). The constants of this equation have 
the values listed in Table 4-30. 


dV 

-—=aV’±B v + r 


(4-152) 
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where V — velocity in m/sec* 
and t=tii»e in seconds. 

When the velocity of the sphere is below the 
critical velocity 


dV aV,+SV,i-Y y 
dt V. 


(4-163) 


where critical velocity. 

The general equations of penetration into 
gelatin are 


- (t r 

(above critical velocity} (4-164) 
and 

/ m \ * dV _a,Vf+BtVt+yi 
~\a) dT“ V t 

(below critical velocity) (4-136) 

where 


o, =20.207, 

B,» 1,926, 

71 = 333 , 000 , 

j 4= cross-sectional area of sphere, in square 
meters, 
and 

AT = weight of sphere, in kilograms. 

By the proper integration of the above equa- 
tions, the velocity, time, snd distance of pene- 
tration at any point in the gelatin target can 
be calculated, if the striking velocity and the 
slse and weight of the sphere are known. 


4-113. (C) Reside*! Velocity Dote 
4-1111. Geeerel 

It is necessary when considering penetration 
by fragments to remember that there is no one 


velocity limit above which perforatum (for a 
given set of parameters) will occur, and below 
which perforation will not occur. There is 
rather, a range of velocities over which per- 
foration may or may not occur; the probability 
of perforation being close to tero at the lower 
end of the range and closer to 1 at the higher 
end. Furthermore, the velocity differential at 
which perforation may occur is wider in the, 
say, 9,000 fps regime, than it is in the 1,000 
fps regime. This means that the “ballistic 
limit” (see Ch. 6, Par. 6-13.2.) is less meaning- 
ful at higher velocities. The upper and lower 
ends of the range are of more interest than the 
ballistic limit. Also, perforation alone is not the 
sole criterion for defeat of the target material. 
The target material, itself, is usually an inter- 
mediate target (the armor of a tank, the hood 
of a truck) which protects the primary target 
(tank crew and combustibles, an engine block) . 
What is of interest is whether or not the per- 
forating fragment lias enough residual velocity 
and residual mass to damage the primary tar- 
get, and if sc, how badly. 

These questions would not be important if it 
were possible to estimate the residual weight 
and velocity of fragments, after impact, under 
a variety of conditions (Rtf. 116). The residual 
velocity estimate could then be associated with 
an estimate of residual fragment weight, so 
that a better decision could be rendered with 
respact to the primary target The criterion 
fa.' success is no longer, therefore, whether or 
not perforation occurs, but is based on behind- 
the-plate damage. 

4-1LU The RotMeel VofocHy C ea c o tf 

It has been recommended that the ballistic 
limi t be replaced by two other values of strik- 
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ing velocity (Ref. 115). The first, called the 
protection velocity, V„ is used to identify the 
highest striking velocity below tile ballistic limit 
at which the fragment never perforates the 
plate. The second, called the guarantee velocity, 
V„ will identify the lowest striking velocity for 
which the fragment is assured of success in per- 
forating the armor. 

Experimental residual velocity data have 
been collected with respect to mild steel, Dural, 
bullet-resistant glass, and Plexiglas (Ref. 115). 
From these data, an empirical relationship for 
predicting fragment residual velocities for each 
material has been derived: 

V> V.-ff(eA)' m«{sec 6)r V.» 

(4-156) 

where 

F, = the fragment residual velocity, in fps, 
F.=the fragment striking velocity, in fp3, 
e= the plate thickness, in inches, 

A =the average impact area of the fragment, 
in square inches, 

m-the weight of the fragment, in grains, 
tf =the angle of obliquity between the trajec- 
tory of the fragment and the normal to the 
plate, and K, a, 0, y, and A are constants that 
are determined separately for each material. 

The basic formula is converted into the as- 
sociated logarithmic form: 

log(F.— V,) =logff+« log(r/l) + j3 log m 
+y log sec tf+A log V„ 

(4-167) 

With this linear form, the method of least 
squares is employed to determine a satisfactory 
set of values for K, «, ?, y, and A for each ma- 
terial. This concept is developed in much more 
detail in Ref. 115, and cannot be fully treated 
here. 

A typical set of results of these studies is 
illustrated in Fig. 4-124, where the ratio of 

y 

residual velocity to striking velocity, is 

plotted against striking velocity for eight dif- 
ferent thicknesses of mild steel. It can be seen 
that a 30-grain fragment impacting a mild steal 
plate 0.05" thick, at a striking velocity of 2,000 


fps, will have a residual velocity between 1,000 
and 2,000 fps. By interpolation, a mutual ve- 
locity of approximately 1.220 fps is indicated. 
The same fragment impacting a plate 0.10" 
thick (other parameters unchanged), will have 
a residual velocity of only 500 fps. 

The results of the above ballistics studies 
emphasized the need ot a companion effort to 
analyze data on the residual weight of steel 
fragments, after impact under a variety of 
conditions. A documentation of this effort is 
found in Ref. 116, a summary of which is found 
in the following paragraph. 

4-1 2.1 J. Lou to Frog moot Weigh* Owing 
Forforetloo 

With low striking velocities, the loss in 
weight of a fragment during perforation is 
small, and is usually ignored (Ref. 116). With 
thv advent of high striking velocities, the 
break-up of the fragment is inevitable and 
spectacular, and can no longer be disregarded. 
The residual weight of the fragment, as v eil as 
the residual velocity, must be known to the 
vulnerability analyst. Only then can a reason- 
able estimate be made of the continuing poten- 
tiality of the fragment to create damage. 

In most cases, the weight of the largest piece 
of fragment approximates the total weight of 
fragment recovered. The ability of the frag- 
ment to damage a primary target beyond an 
initial barrier can be conservatively approxi- 
mated, by considering the residual velocity of 
only the largest piece of fragment which suc- 
cessfully perforates the barrier. 

An empirical approach, similar to that which 
has been used and described for obtaining an 
equation relating loss in velocity to impact 
parameters (Eq. 4-157) has been attempted 
for estimating loss in fragment weight. The 
form of the equation fitted to the data is: 

m,=m,-10'(eA)‘mS{eec*)'i’ V, k , 

(4-168) 

where 

m,=the initial fragment weight, in grains, 

«r-the residual weight, in grains, of the 
largest piece of fragment which passes 
through the target, and e, a, fi, y, and A 
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are constants determined separately for 
each target material. 

AH constants are determined by the applica- 
tion of the method of least squares to the linear 
equation relating the Briggs' logarithms: 

log (m,— m r ) =c+« log(eA) +/J logoi 

+ylogsec0+AlogF„ (4-159) 

To accommodate this logarithmic treatment, 
a fragment which emerges intact is assumed to 
i have lost one grain in weight. 

This concept also is more fully treated in the 
original document (Ref. 116). Fig. 4-125 is an 
illustration of the type of data obtained. As in 
V 

Fig. 4-124, ~ is plotted against V,. However, 
* the abscissa on the right plots the ratios of 

. . air . . 

residual mass to striking mass, — , against 

m# 

striking velocity for selected plate thickness. A 
graph of this type permits the vulnerability 
analyst to estimate the residual mass and ve- 

i 
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locity (for the material tested) of an impacting 
fragment of known velocity and mass. 

For a more detailed understanding of the 
concept of residual velocity and residual mass, 
the reader is referred to Refs. 115 through 117. 

4-12.4. (U) Experimental Technique* 

In experiments concerning penetration and 
perforation by single fragments, a means of 
controlled fragmentation is usually employed 
to eliminate approximations of fragment size, 
weight, and impact area in the empirical equa- 
tion of penetration. Regular shapes such as 
spheres, cubes, prisms, and cylinders are used, 
and in line with current thought, they are nor- 
mally in the weight range of 1/4 to 1/25 
ounces. 

The fragments may be launched one at a time 
from a smoothbore gun, or they may be pro- 
jected by a controlled fragmentation type ex- 
plosive bomb or warhead. By either launching 
method, it is possible to produce fragment ve- 
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locities up to about 16,000 ft/sec. The velocities 
of explosively launched fragments may be 
measured by one of the methods described in 
Par, 4-11.2.2, such as: break-wire (Ref. 91), 
tin-foil “make” screens (Ref. 107), light inter- 
rupting screens, spark photography (Ref. 91), 
or Faraday shutters (Ref. 107). Kerr cells and 
X-ray photography are used with gun-launched 
projectiles. 

The attitude of fragments is indicated by the 
pattern they make in passing through the ve- 
locity screens. 

One technique is the use of target plates lo- 
cated at various distances from the bomb (ap- 
proximately 16 feet, depending on bomb size) 
and arranged in a semi-circular pattern. The 
plates are positioned at predetermined angles 
to the line of fragment flight, so that penetra- 
tion data as a function of angle of obliquity 
can be obtained. 

Jameson and Williams (Ref. 107) discuss a 
method of obtaining projectile velocities before 


and after the target plate. The projectile veloc- 
ity above the plate is found by using make 
screens, of photographic mounting tissue sand- 
wiched between aluminum foil 0-0007 inch 
thick, and Potter chronograph counters, model 
450. Projectile orientation is determined by 
using the plates, themselves, as yaw cards. 

Make screens, however, can not be used be- 
low the plates, because it becomes impossible to 
determine what velocity is being measured. A 
photographic technique, which is a variation 
of the usual shadowgraph method, proves ade- 
quate for this purpose. This method employs 
two one-half microsecond Rapatronic shutters 
(Edgerton, Germeshausen, and Grier) and a 
half-silvered mirror. The projectile is back- 
lighted by slightly convergent light from a 
double spark source. The time between ex- 
posures is controlled by a preset interval gen- 
erator, and is recorded on 1.6 megacycle, model 
450 Potter chronograph counters. The preset 
interval generator is triggered by the pulse 
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from the second screen of the pair of screens 
used to determine projectile velocity above the 
plate. Fragment and projectile shapes are de- 
termined both from pictures and by recovery 
of samples for comparison. 

4-13. (U> HYPERVELOCITY FRAGMENTS 
4-43.1. Introdactfoa 

The theoretical and experimental aspects of 
fragment impact in the hypervelocity regime 
are presented in this paragraph, which also 
includes a discussion of the state-of-the-art. A 
general description is also given in Ch. 2, Sec. I. 

4-13.2. Theory. 

4-13.2.1. General 

The superficial differences between the proc- 
ess of penetration at moderate velocities and 
the effects of hypervelocity impact are illus- 
trated by Fig. 4-126, which shows craters pro- 
duced in lead targets by steel spheres impacting 
at a variety of velocities (Ref. 108) . At rela- 
tively low velocities (top-left view), the projec- 
tile penetrates the target without being de- 
formed and forms a deep, roughly conical 
cavity. If the velocity is increased by a modest 
amount, as shown in the second view (top- 
right), the amount of cavitation produced in- 
creases considerably but the cavity does not 
become significantly deeper. In this velocity 
range, the pellet begins to be deformed but not 
destroyed. Increase in impact velocity to ap- 
proximately 1 km/sec. results in complete de- 
struction of the pellet and in the formation of 
a crater which is considerable greater in diam- 
eter, but still not significantly deeper. (Note 
that gun velocities are given in the nomencla- 
ture of that phase of the science, i.e., ft/sec., 
but that pellet velocities from explosive devices 
are given in m/sec.) Further increases in ve- 
locity to 1.7 km/sec., 1.9 km/aec. and, finally, to 
3.1 km/sec., result in successive increases in the 
dimensions of the crater, and a closer approxi- 
mation to a hemispherical shape. The hemi-> 
spherical shape of the crater is considered a 
necessary, although not a sufficient, indication 
for hypervelocity impact. 

The transition from the narrow, deep cavity 
to the hemispherical cavity can be produced at 
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Figure 4-1 26. St eel Putter Penetration Into 
Lead Targets, at Various Pellet Velocities 

lower velocities in soft target materials, by us- 
ing soft projectiles. Therefore, the condition is 
not simply one of velocity, but also depends 
upon the strength characteristics of the ma- 
terials. Higher velocities are requited with 
either harder target materials or harder pro- 
jectiles. At the higher velocities, the pellet is 
not only deformed and destroyed, but it is 
found plated over the surface of the resulting 
crater 

Another, more critical, criterion for hyperve- 
locity impact depends upon the behavior at 
oblique incidence. At lower velocities, as illus- 
trated in Fig. 4-127, the crater produced at 
high angles of obliquity is very asymmetric and 
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considerably shallower than that produced at 
low angles of obliquity or at normal incidence. 
However, it the velocity of impact is increased, 
even at very high angles of obliquity, a com- 
pletely symmetrical and hemispherical crater 
will be formed. In the case of a steel pellet fired 
into a lead target, a velocity of 3.2 km/sec. is 
sufficient to produces hemispherical crater even 
at 60 degrees obliquity. The volume of the 
crater, however, is considerably smaller than 
would be obtained with the same projectile 
traveling at the same velocity but impacting at 
normal incidence. It has been found, empiri- 
cally, that to assure a symmetrical, hemispher- 
ical crater, the impact velocity must be so high 
that the components normal to the target sur- 
face exceed the shock velocity in the target 
corresponding to the impact pressure. This 
condition can be used as another criterion for 
hyperveiocity. 

The above-mentioned criteria depend upon 
only superficial aspects of crater formation, 
The really fundamental criterion depends upon 
the velocities of propagation of disturbances in 
the target material, and the impacting projec- 
tile, and upon the equations of state of the two 
materials. By definition, true hyperveiocity 
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Figure 4-1 27, Hyper v efacBy Crolur fo rmation 
Under Obuquo Import, Sfort Pollrtl info Uad Targets 


impact occurs when the velocity of penetration 
is greater than the nasal pro p agation velocity 
of stress waves < sound or dilatations! velocity). 
This insures that deformation of both pellet and 
.target will occur immediately at the interface 
between pellet and target, with an intense 
stress front (probably a duck wave) preced- 
ing the interface at supersonic velocity. Be- 
cause pressures produced under typical condi- 
tions of hyperveiocity impact will be in the 
megabar range, the velocities of propagation 
concerned will, in general, be considerably dif- 
ferent from the velocity of sound in the 
material. 

All the energy of the system is confined to a 
small volume, etc., because under the velocity . 
conditions it cannot escape. The explanation of 
the crater form lies in the answer to such fund- 
amental questions. 

One means of obtaining dependable predic- 
tions is the establishment of a really satis- 
factory theory of the phenomenon, with 
verification by use of such materials as can be 
subjected to hyperveiocity conditions. Consid- 
erable effort has been put into theoretical in- 
vestigations, but thus far with little real 
success. The most acceptable theoretical treat- 
ment carried out thus far is that by Bjork, 
however, the results appear to be in essentia) 
disagreement with experimental observations. 
With present knowledge, in order to make quali- 
tative predictions of what would be expected 
to occur in structural materials at much higher 
impact velocities, reliance must be placed on 
experimental observations, u sin g such available 
materials that can be subjected to hyperveiocity 
conditions, and cm a physical model of the 
phenomena that take place. 

4-1&2A Hlf I Speed Photography, and 
Be c f r e ete Defectors 

One approach to the problem is represented 
by the photographs in Fig. 4-128. For trans- 
parent target mate rials, high speed framing 
camera obaervationa can be made before and 
during ihe formation of the crater, and the 
propagation of abode waves can be observed in 
a quantitative manner. In the pictures shown, 
which progress in time from upper left to lower 
right, the pellet can be seen approaching the 


UNCUI 


OPfr? 

i S ^ i: 


\ W w a li b 



4-203 





r\ if r*? r 

to w » * * u 




target in the third, fourth, and fifth frami*. 
The pellet is a thin disc; the elongated, lumi- 
nous trail behind it is due to ionisation of the 
air. In the sixth frame, impact occurred, and 
in the seventh and eighth, the resulting crater 
can be seen expanding. During these early 
stages of crater expansion, no detached shock 
wave is visible. This condition would be antic- 
ipated, fiecauae in this experiment the impact 
velocity is much greater than the velocity of 
propagation of wa/ea in the plastic material 



Figure 4—1 38. High Speed Camera Obfsrvotfoni of 
Projectile Feeetrarioa Into Traniparont forgot 


used; and even the most stringent conditions 
.specified earlier for hypervelocity Impact have 
been achieved. In the ninth frame, a shock 
wave can be seen to detach itself from the sur- 
face of the crater. In succeeding frames, the 
shock wave is seen to propagate at a velocity 
somewhat in excess of the velocity of expansion 
of the crater, although the crater continues to 
increase in size. After approximately the 
twelfth frame, crater expansion is no longer 
observed, although the shock wave continues 
to expand and to dissipate its energy through- 
out the body of the target material. 

Quantitative measurements of propagation 
rates, using such pictures, are being combined 
with known equations-of-state for the target 
material, in an attempt to determine the pres- 
sures and particle velocities within the ma- 
terial. It is intended that these quantities will 
then be correlated with the rates of expansion 
of the crater, in an attempt to test a hydro- 
dynamic model of crater formation. 

Similar data are being obtained for opaque 
target materials, including metals, by inserting 
electronic detectors at various positions in the 
target, by means of which the velocities of 
propagation of stress waves can be measured. 

4-13.2.3. The Crater fermsflM Medal 

As a result of the described observations, 
and of other experimental and theoretical in- 
vestigations, a model has been developed of 
the phenomenon of crater formation under 
hypervelocity impact conditions. The model is 
illustrated by the sketches shown in Fig. 4-129. 
The relative time required for the crater forma- 
tion process to reach the stage shown in each 

l 

view is shown as — , where T ia the total time 

T 

required to form the crater. 

During the initial stages of the process, a 
mutual deformation of the target and the im- 
pacting projectile takes place, in accordance 
with hydrodynamic concepts. Since the pres- 
sure at the boundary during this period is in 
the megabar range, it cannot be satisfactorily 
approximated by the use of Bernoulli’s equa- 
tion because of the extreme compression of the 
material. The velocity of motion of the crater 
wall exceeds the speed of propagation of stress 
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waves Rt the pressures produced, so that all of 
the energy of the system is contained in a very 
small volume in a thin layer near the interface. 

The crater expands, and the projectile con- 
tinues to deform until it has been completely 
deformed and plated over the surface of the 
crater. The energy of the system is then all 
contained in a thin layer of target material, 
and the pressure is to some extent relieved. The 
rate of expansion of the crater decreases and 
the wave thereafter propagates at a greater 
rate than the crater wall, with the volume of 
material in which the energy is confined in- 
creasing rapidly. During all of this period, the 
combination of radial and shear How of ma- 
terial in the vicinity of the crater wall results 
in an ejection of considerable amounts of ma- 
terial at appreciable velocities. Eventually, the 


expansion of the shock wave and the dissipa- 
tion of energy result in a reduction in the local 
pressure below the value required to overcome 
the intrinsic strength of the material, and the 
expansion of the crater ceases. The shock wave 
continues to propagate, and to dissipate energy 
in the form of heat and local changes in struc- 
ture of the material which are irrelevant to 
the process of crater formation. At this stage, 
that projectile material which hits not been 
ejected remains plated over the surface of the 
crater wall. 

In soft target materials, the expansion of 
the crater may proceed to such an extent Lhat 
the plated projectito material is separated into 
fragments, distributed at random over the sur- 
face of the crater. In ductile target materials, 
the ejection of material terminates in the for- 
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SOMorP artrrextensive lip at the edge of the 
crater. In brittle target materials, the propaga- 
tion of a tension wave from the free surface 
results in fracture and removal of the lip. In 
the case of very frangible target materials, ex- 
tensive shattering may occur and actually ob- 
scure the original form of the crater. 

It will be noted that at no point in the model 
is the possibility of "explosion" or fusion of 
the material suggested. In the early stage of 
the process, when the energy densities far ex- 
ceed those required for fusion and vaporization, 
the material is subjected to such great pressure 
that its density may be more than double the 
normal value. Therefore, questions concerning 
its state are purely academic. Later, after the 
prssure is somewhat relieved, the energy re- 
tained within the material is too low to cause 
vaporization. 

The initial stage of the process, during which 
the projectile maintains its integrity, but is 
deforming, continues for only a very short 
time. If projectile and target material have 
approximately the same density, the duration 
of this part of the process can be approximated 

21 

by t - — , where 1 is the length of the impacting 

t? 

projectile, and v is the impact velocity. Thus, 
a projectile 1 cm long, striking at a velocity of 
20 km/sec., will have completely disappeared 
as a causative factor after one microsecond, 
and the crater at that time would have a depth 
equal to the initial length of the projectile. The 
second stage of the process, cavitation, may 
continue for a period of the order of hundreds 
of microseconds, resulting in a final crater 
ltaving dimensions many times greater than 
thoee of the projectile. 

The densities and compressibilities of the 
projectile and the target material are im- 
portant in determining the pressures produced, 
the duration of the initial stage of crater for- 
mation , and, conseqrently, the intensity and 
shape of the stress wave that produces the 
later cavitation. The dynamic strength proper- 
ties of the target material, in addition to den- 
sity and compressibility, determines the extent 
of cavitation and the ultimate dimensions of 
the crater. 


From the model that has been developed, 
several inferences can be drawn that have sig- 
nificance for possible applications. In the first 
place, plates of thicknesses many times the 
dimensions of a projectile can be perforated 
under hypervelocity conditions, but it cannot be 
expected that any significant portion of the 
impacting projectile will be found behind a 
target whose thickness is greater than the 
dimensions of the pellet. Consequently, behind 
even moderately thick plates, the only damage 
that can be anticipated is that produced by 
fragments of the target spalled off by the stress 
wave. These particles will be fairly large and 
will be spread over a considerable area, but 
will be traveling at relatively low velocities, 
therefore, their damaging capacity will be de- 
termined primarily by the type of internal com- 
ponent being considered (“hard" or "soft”), 
and not by the mass and velocity of the spall 
fragment. 

4-13.2.4. Maera-Partlcl* and Mlero-Porilcf# 
Projection and Observation 

A sketch of a typical crater by macro- par- 
ticle impact (0.1 to 10 grams) in a compara- 
tively ductile material is shown in Fig. 4-130. 
In the sketch, P< is the depth of the crater be- 
low the level of the undisturbed surface, D e is 
the diameter of th^crater at that level, and PH 
is the height of the crater lip or petai above the 
surface. Fig. 4-131 shows quantitatively how 
penetration, P e , into lead targets varies with 
impact velocity, for projectiles of different ma- 
terials, as determined by various agencies in- 
volved in this work. In order to include data 



Figure 4-130. Typical Cntar Formnd by 
Macro-Partid* Impact 
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for a range of pellet masses, the ordinates have 
been normalized by dividing penetration depths 
by the cube root of the pellet mass, in accord- 
ance with scaling laws. 

It can be seen from the figure that initially, 
penetration increases very rapidly, and approx- 
imately linearly with impact velocity. The slope 
of this portion of the curve is quite sensitive 
to the hardness of the projectile. At about 0.6 
km/sec., the projectiles tend to fracture, and 
the penetration falls off rather sharply. For a 
comparatively hard projectile, a velocity is 
reached where fracture occurs shortly after im- 
pact, and penetration is continued by each of 
the individual nieces. Because in aggregate 
these present a larger area in the direction of 
motion, and because at low velocities penetra- 
tion is inversely proportional to the presented 
area of the projectile, the penetration falls off 
rapidly. As the impact velocity is increased 
still further, the penetration again starts to in- 
crease. 

Referring to the figure, the significant point 
should be made that, when the impact occurs in 
the hypervclocity range, penetration relations 


obtained at low velocities cannot be used, be- 
cause penetration is being produced by an en- 
tirely different mechanism. At low velocities, 
the projectile maintains its integrity and 
pushes aside the target material that is ahead 
of it; thus, during the entire penetration proc- 
ess, the pellet is present as a causative force. 
At hypervelocities, the pellet acts as a point 
source of energy on the free surface of the 
target. Whereby, the projectile acts like an 
extremely short shaped-charge jet, and is used 
up within a few microseconds after impact, 
while the crater continues to increase in size 
for a considerable time afterward. 

Equipment and techniques are described in 
Ref. 109 for the projection of hypervelocity 
micro-particles and in the evaluation of their 
terminal ballistic effectiveness. Velocities of 
12.0 km/sec. have been achieved by these tech- 
niques for dusters of micro-partides in the 
size range of 1 to 100 microns. Higher veloci- 
ties are expected with suitable refinement and 
modification of the means of projection. 

It is not possible to associate a particular 
measurable microcrater with a unique deter- 



Figvn 4-131. QvantHativo Prosontation of Projoctih Pormtration Into Load Targots, 
at Various Impact Volocitios 
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minable particle mass, for quantitative analysis 
of velocity-energy cratering relationships. 
Therefore, it is necessary to treat the crater 
measurements statistically for relating to cor- 
responding particle size and, hence, to mass. 

For several materials, targets exhibiting sev- 
eral hundred measurable craters have been 
subjected to crater size distribution counts and 
analysis. It was found that a 100-micron par- 
ticle forms a crater approximately 730 microns 
in diameter in a copper target. Converting the 
particle size to mass gives a value of 4.5 cm/ 
grams' 71 for comparison with macro observa- 
tions at lower velocities. Fig. 4-132 shows this 
comparison plotted together with some data of 
Kineke's which is previously unpublished (Ref. 
110) . The solid line represents the data for the 
macro pellets, for which detailed analysis is 
still incomplete. Similarly, the 100-micron par- 
ticle corresponds to a 1,150-micron diameter 
crater in lead, and the normalized value com- 
putes to 7.0 cm/gram 1 ' 1 for comparison with 
the micro pellet lead data of Fig. 4-132. The 
double-circled point with an arrow, indicating 
the value reported at the Third Hypervelocity 
Symposium, is plotted to show the effect of 
refinements in technique. 

The statistical distribution method of treat- 
ing the particle size versus crater size correla- 


tion has resulted in the determination >f the 
size of crater, formed by a given mass particle, 
at an impact velocity of 10 km/sec. in lead and 
copper targets. These techniques are presently 
undergoing further necessary refinements, in 
order to extend the observations to higher ve- 
locities, in excess of 12 km/sec, and other tar- 
get materials. Results of these experiments, 
together with the macro pellet data, indicate 
that scaling laws hold for the range of particle 
mass from 10" to 10.0 grams. 

Figs. 4-133 and 4-134 show penetration, P„ 
of various projectiles into aluminum and cop- 
per targets. It is evident that the penetration 
depends upon such physical and mechanic 
properties as density, hardness, and yield 
strength of both the target and projectile ma- 
terials. 

4-13.3. (U) Experimental Techniques 
4-13.3.1. General 

The acceleration of projectiles for the study 
of hypervelocity phenomena is accomplished by 
three general classes of projectile accelerators. 
They are light gas guns, high-explosive devices, 
and electrostatic and electromagnetic accelera- 
tors. Light gas guns include both the expend- 
able and non-expendable types, while explosive 
devices include both single pellet projectors and 
devices that produce a number of particles. 



Figaro 4-1 32. Co mporiton of Obsorvations of 
Miero-Pariidos at TO im/soe. with Micro Dofo at 
lower Volocitios, for Two Torpor Matin’ oltj 
Diamotor vs Valoe Hy 


4-13.3.2. Ugh *- Gas Guns 

Fig. 4-135 is a schematic diagram of the 
operation of a typical light gas gun. In the first 
stage of the gun, a conventional gun-cartridge 
case containing propellant accelerates the pis- 
ton and, thereby, compresses the light gas. Af- 
ter about three milliseconds of compression, the 
light-gas pressure increases from an initial 
value of approximately 600 psi to approxi- 
mately 100,000 psi, and a temperature of 3,600 
degrees Fahrenheit. At about this time, the 
shear disc ruptures, and the projectile begins 
its movement down the bore of the second 
stage of the gun. Because of the large mass 
of the piston, its inertia causes it to continue 
the compression stage and push the light gas 
down the bore of the second stage, behind the 
projectile. 
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figvrn 4-133. QvantitaHva Pr« writer ion of Projnctik Ponoir otion Into Aluminum 
Torgnts, of Variout Impact Vnlocitkt 


Limitations to the maximum velocity of con- 
ventional light-gas guns are: 

1. A shock is propagated down the barrel 
ahead of the projectile, which causes the 
projectile to break up when the gun is 
operated near its maximum conditions. 


2. The maximum pressure within the cham- 
ber is limited by the strength of the 
chamber material. 

3. The available kinetic energy is divided 
between the driving gas and the projec- 
tile; therefore, a large fraction of the 
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fiyura 4-1 34. Quo ntitatko Pntnntotion of ProjoctUn Pnnntrcrtion Into Ceppor 
Tergott, at Variout Impact Valocitiif 
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Figure 4-1 35. Typical light-Gat Cvn Operation, Schematic Diagram 


available energy is used in moving the centra ted on raising the maximum chamber | 

t gu, even when a light gas like hydrogen pressure, by operating near the limits of the { 
or helium is used. strength of the material, and on reducing pro- j 

Shocks in the barrel of the gun can be pie- jectile fracture by varying the thickness and 
i vented to some extent by evacuating the bore, strength of the projectile. j 

' Moat of the i-esearch efforts to date have con- The maximum velocity obtainable with exist- 
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ing light-gas guns is about equivalent to that 
obtainable with explosive devices. Reproduci- 
bility of data with light-gas guns is not as 
satisfactory as with explosive devices. In addi- 
tion, the initial cost of existing guns is very 
high, and they are alao very expensive to oper- 
ate on a per-shot cost basis. For these reasons, 
only a limited amount of usable data has been 
obtained by this method, 

4-13J.3. Espexdoble Gmi 

In view of the high cost and the limitations 
of the more conventional light-gas guns, several 
investigation? have been made into the use of 
expendable gun systems. Since explosives rep- 
resent a cheap and compact energy source, they 
have been used to obtain the necessary high 
pressures \vithin the gun chamber. This brute- 
force technique has the disadvantage, however, 
of an extremely rapid rise in pressure, which 
tends to cause pellet breakup in the barrel of 
the expendable gun system. 

The techniques used in this instance are illus- 
trated in Fig. 4-136 wherein a conventional 
gun design, if it may be considered as such, 
has the chamber of the gun surrounded with 
high explosive \Ret. 111). At an appropriate 
time, after the first detonator has released the 
helium, the HE is exploded by means of its 
detonator, thus collapsing the chamber to es- 
sentially zero volume, compressing the light 
gas, and accelerating the projectile. A second 
design for an expendable gun is that shown in 
Fig. 4-137. The explosive is placed within and 
at the rear of the gun chamber. Upon detona- 
tion, the pressure rise is attenuated through 
the air chamber, so that pellet breakup is in- 
hibited. 


Each of these guns is capable of projecting 
an intact pellet at 12 000 fps, or a broken pellet 
at 18,000 fps. Testa are being conducted with 
the goal of obtaining velccitiei in the order of 
18,000 f;.s with an intact pellet, by varying the 
attenuation of the pressure poise rise, or by 
varying the chamber wall thickness, or by vary- 
ing the pellet strength, in such a manner that 
the high explosive does not cause the breakup 
of the pellet. 

4-13.3.4. Jepeated Arise «w 4 Traveling 
Cnarge Gees 

The repeated pulse gun acts on the principle 
of firing a pellet through a hole along the axis 
of an explosive cylinder. As the pellet emerges 
from the front end of the explosive cylinder, 
the explosive is detonated. In principle, the 
explosion will accelerate the projectile by a 
finite amount. By using one, two, or many 
stages of high explosives, and by detonating 
each charge of explosive at the appropriate 
time, It should be possible to realize a small 
increase in velocity with each stage of the gun. 
Ideally, it should be possible to achieve almost 
any velocity, up to the escape velocity of the 
detonation products, given controlled explosion 
timing and controlled pressure pulse shape, pro- 
vided the projectile maintains its straight 
course along the axis of the explosive charges. 

The traveling charge gun is based on the 
principle of Langwciler (Ref. 112), which re- 
quires a propellant, with a high linear burning 
rate, attired to the base of the projectile in a 
more or less conventional gun system. Because 
the propellant is traveling along with the pro- 
jectile, it is not necessary to maintain an ex- 
tremely high pressure nor an extremely high 



figure 4-7 34. Representative Expendable Gun, Using External Exp l o si ve 
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Figure 4-237. Representative Expendobl* Gun, 
Uthg Internal Bxplo * ive 


sonic velocity in the propellant gas. If the pro* 
pellant can be controlled to such au extent that 
it burns uniformly, and imparts a suitable 
fraction of its energy to the base of the projec- 
tile, it should be possible to realize an extreme- 
ly high projectile velocity. Attempts to date to 
build a traveling charge gun have provided only 
a ten per cent improvement upon the normal 
velocity of a conventional gun system, primarily 
because it has not been possible to control the 
burning of the propellants that were used. 

4-13J.5. Hl«h*Eipf«sJra Devices 

Three explosive charge designs used to ob- 
tain hypervelocity pellets are shown in Fig. 
4-138 (Ref. 113). In the first typ », a pellet, is 
placed on the end of a simple explosive charge 
and co Mined with a “surround," which i- 'ral- 
ly made of a material such as lead, tha, til be 
vaporized by the detonation. The second type 
is the air cavity charge, in which a pellet is 
embedded in an air cavity in the case of an 
explosive charge. The third type ia the self- 
forging fragment (Ref. 80). 

Charge designs (A) and (C) of Fig. 4-188 
have been made to accelerate masses at veloc- 
ities approaching 7,000 m/sec.; however, the 
mass of the projected pellet has not been repro- 
ducible. Coneequcntly, these designs have not 
been used extensively to obtain terminal bal- 
listic data. 

The most promising of the three designs is 
that using an air cavity (B), which reduces the 
pressure on the pellet and alleviates breakup 
(Ref. US). By varying the dimensions of the 


air cavity and the thickness of the pellet, intact 
masses having a known velocity and mass have 
been projected at velocities of from 2,000 m/ 
sec. to 7,000 m/sec. In every instance, the 
pellet lost seme mass around its periphery, the 
quantity depending upon the particular charge 
design used. In general, it has been found that 
as the depth of the air cavity behind the pellet 
io increased to u limit, the velocity of the pellet 
is increased: beyond this point the pellet breaks 
up. As the velocity of the pellet increases, how- 
ever, the mass lost is reproducible for a given 
pellet and charge design. The fiii.il mass of a 
given pellet is reproducible to less thnn ? per 
cent of probable error. 

4-13.3.4. Shaped-Charge Accelerefloe of 
Mfcre-FertfcJes 

Micro-particles can be fired in a cloud from 
a low-angle, conical-cavity charge. These small 
masses (10 " to i0~* grams) have been fired at 
velocities of up to 15 kin/sec. A statistical tech- 
nique is used to obtain data on single impacts. 
Two kinds of charge that have been used effec- 
tively to accelerate micro-particles are de- 
scribed below (Ref. 114). A 20-degree cone 
having a very' thin wall <0.010 inch or less) has 
provided particle velocities of up to 10,000 m/ 
sec. and a cylinder has been used to project 
particles up to 12,000 m/sec. The designs and 
oronerties of the materials are such that a con- 
ventional jet is not obtained from this typo of 
shaped charge. Instead, a cluster of particles 
having a preferred particle size, depending 
upon the grain size of the original liner ma- 
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Figure 4-1 38. Representative Explosive Charge 
Design* for Hyperralocify fro/ectiie Tests 
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terial, is projected at high velocity. This small 
duster of particles is quite compact and has 
very little gradient in velocity. Trailing the 
high-velocity duster of particles will be the 
slug and residue material, which are natural 
consequences when using shaped charges. This 
massive material, however, is moving at a veloc- 
ity low enough so that it can be eliminated with 
an explosive shutter. 

As described and illustrated in Ch. 2, Sec. Ill, 
when the metal liner of a shaped charge col- 
lapses on charge detonation, a ductile jet is 
formed which is continuous in nature and has 
a velocity gradient from its tip to its tail I Ref. 
110, J. E. Feldman, Jr., “Volume-Energy Rela- 
tion from Shaped Charge Jet Penetrations"). 
The jet ultimately breaks off from the liner slug 
and, when it has reached its maximum elonga- 
tion, begins to break up into discrete particles. 
In principle, it should be possible to consider 
each element of the jet as a separate entity, 
and to determine the volume of crater in the 
target due to each increment of jet length, 
ideally, from a single shaped charge firing, one 
can obtain the volume of crater produced in the 
target per-unit-energy of tho impacting mate- 
rial for a complete spectrum of velocities, due 
to the velocity gradient of the jet. It should be 
possible, therefore, to obtain data from a con- 
ventional, copper-lined, shaped charge at veloc- 
'ties ranging from 8,000 m/sec, at the tip to 
approximately 2,000 m/sec. at the tail of the 
jet. 

Another shaped charge used to obtain high 
velocity crater data is the charge with a cylin- 
drical liner. Normally, cylindrical liners do not 
produce a jet-like configuration, but rather a 
dispersed scatter of fragments. This is true 
when the liner material approaches the stagna- 
tion point, at a velocity in excess of the alcttf'c 
wave velocity of the I; n 'r n: vu.v. a*. Ifo vever, if 
an explosive <s used tiiat has a detonation rate 
such that the liner approaches the stagnation 
point at less than the elastic wave velocity, a 
true jet CAn be formed. By using Baratol ex- 
plosive (detonation rave, 4,900 m/sec.) and a 
cylindrical aluminum liner (elastic wave veloc- 
ity, 6,100 m/sec.), a well-defined jet is obtained 
having the velocity of 9,800 m/sec. The length 


of the jet was approximately one-half the 
length of the original liner and, in flash radio- 
graphs, appeared to have little oi no velocity 
gradient. 

Using beryllium liners (elastic wave velocity, 
12,000 m/sec.) and explosives having a detona- 
tion rate in excess of 9,000 m/scc., appreciably 
large, yet well-defined, masses of material have 
been projected at velocities as high as 21,000 
m/sec. Use of wave-shaping technio.ues should 
even permit velocities up to 60,000 m/sec. with 
the same materials. 

4-1 3.3.7. B!*ctnmagueHe cad Electrostatic 
Accelerators 

The techniques of electromagnetic and elec- 
trostatic acceleration of particles have been 
investigated for » me time, Electromagnetic 
accelerators are deperdeni upm the character- 
istics of the power supply. A number of power 
supply types, including capacitors, inductor*, 
rotating machines, a. id batteries nave l»eer. 
used; none, however, hnve shown gieat suc- 
cess. Direct current rail guns have been suc- 
cessful in accelerating 10 gn:s to 3,200 i't/sec., 
and 45 gnu to 2,000 ft/sec., velocities not high 
enough for hypervelocity particl** work. It can 
be concluded, therefore, that a successful elec- 
tromagnetic accelerator has not yet been built. 

Electrostatic acceleration of small particles 
is even less feasible than electromagnetic ac- 
celeration, since the charge is only on the sur- 
face of the body and is limited by the field 
strength of the air. It is, therefore, necessary 
to make the particles as small as possible in 
order to increase the charge to mass ratio, so 
that greater velocities may bn possible. Macro- 
scopic particles cannot be accelerated prac- 
tically to high veloi'Hiei by electrostatic means ; 
it lias been calculated that an acceleration 
potential of 1 miilio'< volts is required to ac- 
celerate a 2 micron copper sphere to 20 km/ 
sec. Furthermore, the actual surface charge 
density will be less than calculated, due to sur- 
face irregularities and charging difficulties, so 
that the required accelerating potential is 
actually greater than calculated. 

It lias been concluded that neither electro- 
magnetic or electrostatic accelerating tech- 
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tuques are practical. With great rod and effort, 
mi electromagnetic system could pc bly be 
coupled with s non-electromagnetic fust stage 
used to overcome the original inertk of the 
projectile. Electrostatic accelerators could pos- 
sibly be used to accelerate particles less than 1 
micron in diameter. 

4-1)11. Isaaery 

Each of the techniques available to the ex- 
perimeter, by which hypervelocity projectiles 
can be obtained, has been briefly described. It 
has bean seen *hat, with conventional light-gas 
guns, velocities up to approximately 23,000 ft/ 
sec. have been obtained. Future efforts, specifi- 
cally along the lines of a combination light-gas 
electric-discharge gun, could in the future lead 
to velocities si high as 35,000 ft/sec. Expend- 
able guns have given velocities ta high as 
18,000 ft/sec.; if pellet breakup can be over- 
come, possibly this present limit could be ex- 
tended. Light-gas guns are expensive, particu- 
larly at velocities much above 12,000 ft/sec. 
They are flexible in being able to project a 
variety of pellet shapes, mamas, and materials, 
although the effect of saboting, and the loss in 
velocity when pellet density is increased must 
be carefully considered. 

The high-explosive techniques described 
(particularly the air cavity charge) have led 


to the capability of projecting fragments to 
velocities of 7,000 m/sec. No estimate of a 
limiting velocity for ti«e air cavity charge is 
available. Explosive techniques an most 
promising for two reasons: Ant, they provide 
reproducible pellet immir end velocities; and, 
secondly, they are cheap and easy to use. A 
terminal ballistic program requiring many 
shots can be accomplished with relative ease 
and little expense. 

The conventions! shaped charge technique of 
projecting a stream of large particles having 
a spectrum of velocities shows promise, but re- 
mains to be proven. The most significant ad- 
vance in this area is ia the technique described 
for producing short jets with little velocity 
gradient, thereby projecting tangible masses to 
velocities in excess of twice detonation velocity 
(18.UC0 m/sec.). 

Small shaped charges using a cast iron liner 
for projecting micro-particles have been used 
with marked sucrose. Unfortunately, there is 
always a question as to the mass of a discrete 
particle which caused s particular crater in the 
target. Attempts to obtain an accurate correla- 
tion between crater dimensions and have 
been based on a statistical treatment. However, 
it is possible to project microscopic particles up 
to velocities of at least 12,000 m/sea This 
velocity represents the highest obtained by 
actual experiment. 


Section IV (U) — Detonation Physics 


4-14. INTKOOVC7ION 

4-14.1. Scape ef Mm Sect! mi 

This section la concerned with the collection 
and analysis of data covering the physics of ex- 
plosive detonation. The matluumitical theory 
covering the detonation processes, including 
the usual aquations of hydrodynamics, is out- 
lined, and the implications of the theory with 
regard to propagating ohock and detonation 
waves ir explosives are discussed. 

Experimental iecnniqui-* for the study of 
detonation wives are also discussed. These In- 
clude such methods as the pin technique-, .-treaTc 
photography, X-ray, and optical techiiiqras, 
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and a discussion of recent developments in the 
use of high-speed cameras. In addition, empiri- 
cal data such as detonation velocities, eqaa- 
thns of state, nnd theraochem-cal properties 
of different materials are praseuted. 

4- tO. Cress-tefsreeu Irier— dm 

The subject of detonation physics is by iu 
very* nature primarily- tfew.etfeal knowledge, 
rather than knowledge applied to specif* kill 
mechanisms or targets. Review of earlier parta 
of the publication, prior to the study of this 
subject, is not required, therefore; and ttuue 
will he a minimum of n-ferenecs to the other 
parts. 
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4-1 5. EXMKIMENTAL TECHNIQUES 
4-11.1. latra4iMtl.il 

Probably the most important and the most 
significant parameter associated with explosive 
detonation is the resulting detonation pres- 
sure. However, due to its transient nature, 
high magnitude, and short duration, direct 
measurement of the pressure has not been prac- 
ticable. Va. ious theories have been postulated 
which analytically relate detonation pressure 
to detonation wave velocity, and several ex- 
perimental techniques are presently used to 
measure the detonation wavu velocity. Recent 
investigations at Aberdeen Proving Ground in- 
dicate a procedure for the direct measurement 
of detonation pressures by use of sulphur 
transducers. In addition, investigations are 
continuing on direct temperature measure- 
ments, but to date limited success has been 
achieved. 

4-1 1 L2. MNimmstsf Detonation Velocity 
4—1 5-2.1. Pie Method 

Prior to 1956. most of the measurements of 
detonation rates were made by using either 
streak cameras, the method of Dautriche, or 
the Mettegang recorder (Ref. 118). The pin 
method, an electronic technique which meas- 
ures detonation velocity with extreme preci- 
sion, offers several advantages over other 
available methods. Among these advantages 
are very high time resolution, and the ability to 
indicate whether the detonation wave is in an 
advanced atate of decay or is still compara- 
tively strong. The pin method also provides a 
means of directly observing the progress of the 
wave in the interior of an irregularly shaped 
piece of explosive. 

A brief description of the pin method fol- 
lows. The electronic circuit consists basically 
A three parts: the explosive, into which ic in- 
serted either ionization-operated or shock- 
operated pin switches; a signal mixer circuit 
and transmission line; and a cathode-ray 
chronograph. The pin switches are placed at 
very accurately measured distances along the 
explosive. After closure of the switches, the 
cathode-ray chronograph records the time be- 
tween pulses of the pin switches, as received 


through the mixer circuit and transmission 
line. 

The pin method of measuring detonation ! 
velocities has a standard error of observation 
that is less than 0.1 per cent of the detonation 
rate, for charges only a few inches in length. . 
Expressed in terms of time, the error is less" 
than 3 X 10-» seconds for most experiments. 

Fig. 4-139 is a schematic of the test apparatus. 

Distortion of the detonation wave at the 
charge boundaries is not detrimental, nor does 
confinement of the charge in metal or other 
opaque materials hamper the measurement of 
detonation rate. However, if full advantage 
is to be taken of the precision Afforded by the ' 

pin technique, great care must be taken in pra- j 

paring each charge and in controlling the firing I 
conditions. < 

4-lSAi Mkrawave Technique 

The microwave technique ia used primarily 
in place of the pin uethod to measure non- 
steady detonation velocities. This technique is 
based on the redaction of microwaves from the 
ionized detonation front, and it yiolds a se- 
quence of detonation velocities which are aver- 
ages over equal and adjacent intervals along 
the length of the explosive being studied. The 
circuits for generati ng and detecting the micro- 
waves, and for the display and reduction of the 
resultant signal, are given in Ref. 119. 

Simply described, the apparatus is a piston 
(representing the detonation front) generating 
a periodic signal that is recorded by a probe 
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and detector (Fiff. 4-140). An attenuator is 
inserted between the movable piston and the 
oscillator, to isolate the oscillator from any 
Mad changes caused by the piston movement. 
One recorded cycle of the signal corresponds to 
a piston displacement of one-lmlf the wave- 
length in the guide. If the guide wavelength 
and the initial position of the piston are known, 
the position of the piston as a function of time 
can be determined. This gives, in turn, the 
detonation velocity. 

The microwave technique is more compli- 
cated than the pin method, hAs an accuracy on 
the order of one or two per cent, and is limited 
to use with explosives which have good dielec- 
tric properties. 

4-IL2J. Hlgt Speed fMmgrmpkY 

There are various high-speed photographic 
methods employed for ‘measuring detonation 
velocity. Brixner has developed a high-speed 
framing camera with a maximum rate of 3,- 
500,000 frames/second (Ref. 120). This cam- 
era uses the general principle of a rotating mir- 
ror relaying the imuge to the Aim by a series 
jf lenses, but adds a two-faced rotating mirror 
to divide the optical system, so as to appreci- 
ably reduce the blind time. 

Sultanoif presents an extensive survey of 
streak, single-exposure, and high-speed succes- 
sive framing cameras employed in the study of 
explosive mechanisms (Ref. 121). The highest 
frame-rate camera is a grid framing camera 
by Sultanoif, having a rate of 10* frames/sec- 



Wgvr* 4-140. MJcfowav* T»chr!qvm T*«# Apparotut, 
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ond (Ref. 122). Among the other more popu- 
lar cameras listed by Sultanoif are the low-cost, 
Bowen RC-3, rotating-nurmr, streak-type cam- 
era (Ref. 123), with a writing speed of 3.1 
mm/psec, and the Rupatronic' Faruduy single- 
exposure type camera (Ref. 124), with ex- 
posure time of 1 pace. These three types are 
discussed in more detail in Ref. 121, and photo- 
graphic results typical of eRch type are pre- 
sented. Several other rotating-mirror cameras 
of Interest Arc described in Ref. 125. 

The streak cameras produce photographs of 
distance as a function of time, fur studies of 
detonntion and shock rates. The Rapntronic 
Faraday camera takes a single exposure at any 
preset time intetvnl after the first burst «f 
light. SultanofTs grid-framing camera exposes 
100 independent frames at the rate of 10' 
frames per second, allowing the entire film to 
be exposed in 1 psec. Because the luminosity 
prevails longer than 1 paeo, multiple exposures 
are made, permitting a direct measure of the 
velocity at 100-frame intervals. 

4-IU Measurement e# P a te aa tiee Pressure 

4-154.1. Ceeeral 

Due to the very transient nature and high 
magnitude of explosive pressures, only limited 
work has been reported on the direct measure- 
ment of detonation pressures. Two such meth- 
ods are presented here; with some initial 
graphical results. 

4-11.3.2. Gefcriaf and Oaway Netted 

Gehrtng and Dewey describe the following 
method of determining the detonation pressure 
(Ref. 126). Consider a detonation front travel- 
ing into a metal surface. At normal incidence, 
reflection occurs with a large increase in pres- 
sure. With the front perpendicular to the 
metal surface, the compression of the surface 
produces a rarefaction in the explosion prod- 
ucts, resulting in a decrease in pressure below 
the detonation pressure. At some small angle 
between the surface and direction of flow, the 
flow Into the metal just compensates for the 
effect of compression of the metal. The pres- 
sure on the metal surface is then the detonation 
pressure. The desired condition is clearly that 




lit which the flow behind the front is along the 
compreued surface. 

Fig. 4-141 la a diagram of such a flow, the 
detonation front making an angle «. with the 
perpendicular to the original surface of the 
metal, such that the flow immediately behind 
the front Is parallel to the depressed surface. 
This surface is then a streamline, anil the nor- 
mal component of stress on it is the detonation 
pressure. The rviLcrial flow has a component 
D tan a* in the detonation front. Because this 
component is unchanged by the passage of the 
detonation front, 


D tan a,— (D— 17*) tan (n,+8), 

(4-160) 

where D la obtained from optical measure- 
ments. Thus, determination of «. and 8 deter- 
mines Ud, and the detonation pressure can be 
computed from 


ft D' sin 8 
= cos sin («,+8) 


(4-161) 


where p t , ft, and D l are expressed in consistent 
units. 

Direct observation from densitometric meas- 
urements on radiographs of the angle a., at 
which no rarefaction occurs, is subject to the 
same difficulties as is the observation of the 
density. However, «* can be determined an- 
other way. A compression shock propagates 
with a velocity monotonically increasing as «. 
At larger values of «, beyond flow behind the 
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detonation front is unstable. A graphical plot 
of Vi versus a will then determine at the 
abrupt change in the monotonic function. 

4-1 SJJ. Heever'i Melted 

Perhaps the most direct and recent method 
of obtaining detonation pressure is that of 
Hauver at Aberdeen Proving Ground (Ref. 
127). In this method, the dependence of the 
electrical conductivity of sulphur upon pressure 
is used to measure a pressure-time profile for 
detonating Baratol. The measurements indi- 
cat i an initial pressure spike, and lend further 
confirmation to the hydrodynamic theory pro- 
posed by von Neum ...a and others. 

Fig. 4-1 42 shows an experiments] arrange- 
ment of Joigncuu and Thouvenin (Ref. 11), 
and Fig. 4-143 shows the modified system used 
by Hauver in obtaining pressure-time data. Ap- 
propriate resistance-capacitance <RC) circuits 
are used for the measurements. They consist 
of a known resistor in series with the sulphur 
transducer element A constant voltage is 
maintained across the combination, and the 
potential drop across the resistor is recorded 
with an oscilloscope. From this measurement 
the resistance of the sulphur transducer is de- 
termined, and is related to pressure by using a 
sulphur resistance versus pressure calibration 
curve. 

Fig. 4-144 is a schematic diagram of the teat 
■•tup used to measure the transient pres su re 
pulse imposed by the impact plate. Hero, a 
24ST aluminum plate is driven by an explosive 
to produce plane impact on a 24ST aluminum 
target that la in contact with the transducer 
assembly. In the testa, 1/16-inch and 1/8-tadi 
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thick driven-pistes were used, and turret |»U*lc 
thickness was varied. 

Fit. 4-1-46 si tows he oscilloscope resistance- 
time records, together with tite corresponding 
pressure-time pro Ales. For both 1/16" and 1/8" 
thick driven plates, AM-topped, pressure-time 
curves are obtained with a 1/16" thick target 
over the transducer. Small pressure variation:, 
along the top are attributed to impedance mis- 
match still present in the transducer system. 
Aa the target thickness is increased, the pres- 
sure pulse is reduced to a spike. The spike pres- 
sure is reduced by further increase in target 
thickness. 

The flat-topped pulses are not ss wide as pre- 
dicted by the theory if the hydrodynamic sound 
velocity is used. Also, the pulse is reduced to 
a spike sooner than expected. Reduction of the 
driven-plate thickness by vaporization at the 


explosive-metal interfiled was considered, but 
was rejected, bemuse a reduced thickness could 
nut account for bull, the observed pulse width 
ami the short trnvol required for the rarefac- 
tion to reduce the pulse to a spike. However, 
by assuming that llie pressure relief wave 
travels with a velocity of approximately ten 
millimeters per microsecond, the observed 
pressure-time curves are explained. In a recent 
paper, Morlanil has predicted that a velocity 
higher than the hydrodynamic sound velocity 
should be associated with pressure relief (Ref. 
1211). The plate impact tests are interpreted to 
show that tlie sulphur transducer follows pres-' 
sure changes with good accuracy, 

A pressure proAle for detonating Baratol was 
calculated from the first portion of the inter- 
face pressure-time curve, which is the portion 
interpreted to represent the reaction zone. The 
fallowing interface equation (Ref. 13d) 


P, ifuD, + frD,) 


(4-162) 


2 ,.D. 

was used. In this equation, P, * and D are pres- 
sure, density, and shock (detonation) velocity, 
respectively, in consistent units. Subscripts z 
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and * refer to the explosive and sulphur. Fig. 

4- 146 is a plot of the pressure-tiine curve. 

The pressure-time curve indicates the von 
Neumann spike followed by the Taylor wave. 
The indicated pressure of 190 kilobars is not 
the actual maximum. This initial pressure is 
limited by the rise time of the conductance cir- 
cuit, and by attentuation during passage 
through the thickness of Tefion between the ex- 
plosive and the sulphur. For measuring the 
initial portion of the pressure-time curve, 
O.OOB-inch thick Teflon insulation was used. A 

5- mil Teflon front has consistently indicated a 
pressure from 5 to 10 kilobars higher thsn that 
measured with a 10-mil front. The curve Indi- 
cates s Chnpman-Jouguet pressure of approxi- 
mately 150 kilobars, although this point is not 
sharply defined. The accuracy of these pressure 
values depends upon the accuracy with which 
the interface pressure was estimated when the 
sulphur was calibrated. The aluminum pressure 
as determined by free surface measurements 
and the equation of state la not in doubt, but 
at present there is some doubt as to the exact 
position of the Hugoniots for the materials In 
the sulphur-Teflon system. 

The use of sulphur as a pressure transducer 
la not in a state of perfection, but the elimina- 
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tion of spurious contributions to the conduct- 
ance signal, better impedance match throughout 
the system, and modified configurations for use 
at higher pressures should achieve greater accu- 
racy and usefulness. 

• 

4-11.4. Measurement of Pete— Hoa 
Temperature 

Suitable methods for the determination of 
the temperature in the detonation front is one 
of the most urgent needs in the field of solid 
explosives. Although the measurement of this 
parameter has been of active interest for some 
time, the experimental determination of defini- 
tive temperatures has not been very successful. 

One method under examination (Kef. 131), 
although it introduce* a foreign material into 
the explosive powder, provides an interval of 
time conductive to sampling by one-megacycle 
circuitry and views the detonation radiation at 
the core of the charge in solid explosives. 

The novel feature of this method for sam- 
pling the radiation, which is to be evaluated for 
quality, la the uae of a transparent plastic rod 
imbedded axially in tho explosive charge during 
fabrication of the teat pellet The plastic 
rod (methyl methacrylate) protrudes from the 
end of the cylinder opposite to the end that is to 
be initiated. In this way the radiation is trans- 
mitted along the plastic rod. During the deto- 
nation time (3 psec, or more) luminosity-time 
records are made of the imbedded plastic rod. 
From these records, the radiation wavelengths 
are determined, in order to compute the tem- 
perature. 

To date, moat of the work on this method has 
been devoted to recognition of the idiosyncra- 
tic* and deficiencies of the system; hence, only 
preliminary data have been obtained. 

Shnpod Charfa 

IMCVI 

Flash radiography ia generally accepted aa 
being the best maana of obtaining direct pic- 
torial presentation of the dynamic performance 
of shaped charges. Optical methods ( althoug h 
useful in other studies of detonations) are not 
altogether suitable, due both to the hualnes- 
cence of the ob ject and to tha obscuring of the 
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view by the material given nit by the jet. In 
addition, optical pictures often required inter- 
pretation; but flash radiographs give a direct 
picture of the material in front of the Aim. The 
low- voltage, X-ray method (24 kv, compared 
to 100 kv) that has been developed produces 
softer X-rays (Ref. 132). The system consists 
of a simplified low-voltage, X-ray. pulse-gen- 
erator circuit, and a method of protecting the 
X-ray tube and Aim. 

Particular advantages accrue from the use 
of low voltage. Of prime importance is the 
ability to get greater detuil from objects of 
small size or low density. The brenkup of a jet. 
for instance, taken with high-voltage X-rays, 
may be lacking in detail due to the trans- 
parency of the smaller particles of the jet to 
the X-rays. Likewise, materials of low atomic 
number such os aluminum, which would be 
almost: transparent to high voltage X-rays, 
show up quite well when the voltage is reduced. 
The low-voltage, flash, X-ray equipment is 
lightweight and relatively simple. 

The low-voltage, flash radiography was 
originally developed to investigate the jets 
from 105-mm, steel-cased rounds. To reduce the 
penumbra effect (to form a sharp image and 
improve deflation) the Alm-tn-jet distance 
must be nude os small as possible. Making the 
tube-to-jet distance large will also improve 
definition, but the X-ray intensity will fail off 
as the inverse square of the diitance. In prac- 
tice, the film-to-jet distance Is of the order of 
6 inches, and the tube-t»-jct distance is of the 
order of 74 inches. 

4-1*. INITIATION AND DITONATION 
4-14.1. litraducNM 

In preceding paragraphs, detonation has 
been discussed without defining the phenom- 
enon. It consists of ■ self-sustaining, very-rapid 
chemical reaction which, on proper initiation, 
propogates through an explosive, converting it 
to Itrgely gaseous products and liberating a 
considerable amount of energy. The process of 
Initiation of detonation is of considerable In- 
terest, since most explosives can react to ex- 
ternal stimulus In other ways than by detonat- 
ing, l.e., they can deflagrate or burn, with these 


processes occurring at much lower rates than 
detonation. Detonation of a military explosive 
cannot be nnrmully caused by merely lighting 
it with a match, while detonation can be caused 
by a sufficiently intense shock. A somewhat 
more technical discussion of initiation and de- 
tonation follows. 

A detonation wave, «r it passes through an 
explosive, must initiate the explosive reaction 
in every layer of unexp'oded material that it 
traverses (Ref. 133). Severn! theories have 
been set forth ns to the method of initiation of 
the reaction. These include hypotheses such os 
the deformation of molecular groupings, high 
pressures, and direct action by the reaction 
products which move along with the gas stream 
velocity. 

The most widely accepted view is that initia- 
tion of the reaction at the shock front is mainly 
due to heating. In degnssified liquids and 
homogeneous solids which detonate at velocities 
which are higher than the local speed of sound, 
the shock front, no doubt, produces a thermal 
rise at the detonation front sufficient to sustain 
detonation. 

Work has also been performed on the origin 
and propagation of explosions initiated by 
mechanical means in small quantities of ma- 
terial (Ref. 133). These studies have demon- 
strated that initiation is caused by the forma- 
tion of hot spots of finite size in the explosive 
material. Effective. hot spots msy be produced 
either by boundary friction between solids of 
high melting point, whether the solids are ex- 
plosive or contaminant, or by adiabatic com- 
pression of minute gas or gas vapor pockets 
trapped in the explosive during manufacture. 
Extremely high temperatures can be achieved 
in the gas pockets by such compression. 

4>1il T herma l C— sl derer H— s (Kef. 134) 

The conditions for initiation of detonation 
must cause detonation when it is wanted and 
prevent it when it is not wanted. Many 
methods have been designed for the study of 
these conditions. Among them are tests of 
sensitivity to impact, friction, heat, spark, and 
other forms of electrical discharge, boosters 
of various types, sympathetic detonation 
through condensed medis and air, and shock 
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and heat sensitivity u a function of impurity 
content, grit, etc. 

, The initiation of detonation ia a complex 
heat balance problem, although for aimplieity 
it may be expressed as the equation : 

F+C-H (4-163) 

where F accounts for heat lose, G for accumula- 
tion of heat in the explosive mixture, and H for 
chemical energy generated by decomposition of 
the explosive. 

Even this approximate equation can only be 
solved for the degenerate cases; i.e., isothermal 
and adiabatic decomposition. Although these 
cases sre treated in considerable detail in Ref. 
136, their interest lies chiefly in their difference 
from high order initiation, therefore, they will 
not be further discussed here. 

4>1U. OatMMtiaa Theory 

The following analysis of detonation theory 
is based on s one-dimensional, detonation wave, 
to gain a clear insight to the mechanisms of 
detonation, and to predict the pressure, specific 
volume, mass flow rite, and detonation velocity. 
(Ref. 137). 

It is assumed that the detonation wave 
moves across the explosive in the direction of 
the negative X axis. The explosive ia confined 
by some cylindrical boundary which is assumed 
to be abaolutely unyielding. (This may even be 
applicable to an unconflned stick of explosive, 
because the great velocity of the detonation 
wave, l.e., the brevity of the available time 
interval, nukes the inertia of the solid ex- 
plosive itself act as a confinement.) 

Assuming the detonation wave has reached 
the stage of constant velocity D, the origin of 
the X coordinate at every moment is taken nt 
the detonation front 

The detonation wave la assumed to be at 
net in this example. This means that the in- 
tact explosive has the velocity D with respect 
to, and directed toward, the fixed detonation 
front Therefore, for 

X<0 

the velocity of matter ia D, and for 
Jf>0 
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Figure 4-1 47. General Stole of Explosive fteactfon 

the velocity of nutter is u=u(X). The fraction 
expressing to what extent the chemical reaction 
has taken place at Jf >0 is e=n(.Y) ; 
1£«.(X)>0. (At X>0, a unit miaa contains 
n parts of burnt gas and 1-w parts of intact 
explosive.) During the time it, the matter in 
thiii region moves by dX^udt. So if the 
reaction velocity i*e»«(X), 

Finally, at every point X<0, the same physi- 
cal conditions exist, for example, pressure p. 
and specific volume V m These describe the in- 
tact explosive. At every point X>0, there 
exists a pressure p~p{X) and a specific 
volume V = F (X) . 

The nature at the chemical reaction is ex- 
pressed by a functional relationship 

«=A(«j»,V) (4-l«) 

where A(n.p,F) is assumed to be a known 
function. The stability of the intact explosive 
requires that 

A(O4>,F)-0. (4-166) 

The nature of the explosive and its mixtures 
with the burnt gas will be expressed by ita 
caloric equation for each n ; Q£*£l. The func- 
tional relationship determining ita iutemal 
energy per unit mass is 

e«ff(»#.V) (4-167) 

where E(n,P.F) is ass um ed to be a known 
function. 

From the laws of conservation, then, for 


«"VV (4-168) 


^CCEq 


4-221 


for momentum. 


p(D-u) ~p~p. 


(4-169) 


and for energy, 

*[l/20»-:-E (0,p., V.) - l/2u'-E (.n,p,V) ] 

=up -DPr (4-110) 


Eqs. 4-168. 4-169, and 4-170, toficthc with 
Eqs. 4-164 and 4-166, determine all of the 
parameters, where u is the amount of matter 
crossing the detonation front per second (i.e., 
the amount of matter detonating per second). 
Eqs. 4-168. 4-169, and 4-170 are transformed 
into 


1/2 (p.+p) ( V.- V) =E(0,p.,V.) -E{n,p,V), 

(4-172) 


Plotting Eq. 4-171 for some n, results in the 
Rankine-Hugoniot curve shown in Fig. 4-148, 
together with the point p«K» 

The Rankine-Hugoniot curve ia drawn with 
the tangent from the point p„V. to determine 
the p,V, conditinna at the * lk stage of the chem- 
ical reaction. This also gives 
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Figure 4-148. toniin+Hoqoniot Curve 


This ia also valid for the case n»0, in which 
case the equations describe a condition under 
which a discontinuity can exist in the sub- 
stance. without making nsa of any chemical 
reaction at all. This phenomenon la particu- 
larly important in gases and In liquids. It is 
known as a shock wave, and is an essential 
component ia the theory of a detonation wave. 


and their density and pressure are higher than 
those in the explosive. This ia detonation 
proper. 

For the tangent drawn In the other quadrant, 
where 

p<p„ V>V„ ' hence u>D 

the burnt gases are streaming out of the explo- 
sive; their density and pressure are lower than 
those in the explosive. This is the process com- 
monly known as burning. 

The classical theory of detonation la based on 
the Chnpman-Jouguet hypothesis, 

£>=i#+«. (4-176) 

This Is equivalent to drawing a tangent to the 
Rankine-Hugoniot curve, *=1. 

For certain forms, as shown in Fig. 4-149, of 


With the tangent drawn as shown in Fig. 4- 
148, (p>P~V<V M hence u<D) , the burnt gases 
am carried along with the detonation wave. 


V 


Figure 4-149. MugoiM Curves, P erdM 
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the family of curves n; 0£n<l, the Chapman- 
Jouguet hypothesis is true. 

However, for families of curves of n; 0<n<l, 
aa shown in Fig. 4-150, the tangent from 
(P..V.), must be drawn to the envelope instead 
of the curve w- 1. 

Further discussion, with more detail, on the 
understanding of the elementary theory of the 
steady plane detonation wave is given by Tay- 
lor (Ref. 133). More rigorous analyses arc 
given by Courant and Friedrichs (Ref. 138). 

4-17. WAVE SHAPING 
4-17.1. latrodactiee 

Wave shaping is of great importance in many 
modem explosive-actuated devices, as well as 
in fundamental studies of explosive phenom- 
ena and impulse londing (Ref. 139). Shaping 
the front of the detonation wave to impact the 
target in a predetermined way is one important 
problem for successful wave shaping. A factor 
of at least as great importance, because wave 
shaping is used principally in the impulse load- 
ing of targets, is that of regulating and con- 
trolling the Integrated pressure-time pulse or 
total impulse londing upon the target, at each 
element of its surface. 

The shape of the wave front can be easily 
observed by streak photography or pin tech- 
niques. but the determination of the nature of 
the pressure-time pulse is a far more difficult 
problem. The experimental method for its 
study, at present, is the direct observation of 
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the rate of acceleration and t'w terminal veloc- 
ity of each element of the target (and the com- 
pressions and t 'Unions set up in the target, if 
they can be determined). For example, ace 
Kauver's method, P»r. 4-15.3.3, preceding. 

♦-I7 2. Shaping •' the Wave Frost 

The shape of the wave front may be regu- 
lated by a variety of means, including the appli- 
cation of one or more combinations of the 
following : 

1. Wave interrupters, which require the 
wave to go around the interrupter. In 
general, these are inert fillers of such 
thickness that the shock wave emerging 
from the filler is too low in intensity to 
reform the detonation wave. 

3. Two explosives of appreciably different 
detonation velocities. 

3. Low order detonation. 

4. Density and composition variations in 
the explosive. 

5. Transfer lenses. 

6. Air and/or inert fillers of audi thickness 
as to merely delay the wave, bat not com- 
pletely destroy it (Actually, this type 
will alac act as s wave interrupter most 
of the time, but the shock wave emerging 
from the inert medium is of such intensity 
as to cause eventual reformation of the 
detonation wave, after a time lag.) 

Perhaps the most satisfactory and useful 
method of wave shaping ia the last type de- 
scribed. This type (Ref. 140) has been used in 
a “cylindrical-wave" initiator (Fig. 4-161). 
The initiator consists of a double-tapered steel 
core, loaded witn cast 60/60 Pentolite, and 
fitted with an M36 detonator, an air gap, and 
« cylindrical 61ST aluminum sleeve. A 1/2 inch 
layer of Tetryl surrounds the sleeve. This ini- 
tiator has been used with satisfactory results, 
producing cylindrical detonation waves, in test- 
ing both shaped-charge and continuous-rod 
warheads. 

4-1 7 J, G eometri c Optics 

The shaping of detonation waves by alow ex- 
plosives, shocked media, and transfer plates can 
be analyzed by the use of geometric optics (Ref. 
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141). The simplest analogy would be that of an 
optic lens. A detonation in a fast explosive 
could pass, after some distance of travel, across 
a plano-convex or double-convex lens made of 
slow explosive, and could then pass back to the 
high velocity explosive to give a wave which is 
plane, convergent, or divergent (Fig. 4-1G2). 
All lens laws w ould apply as long as the proper 
index of refraction is used. In using a lens for 
shaping detonation waves, it is desirable that 
a minimum amount of explosive be used in tlie 
unshaped region. This is the same as saying 
that lenses of very small f numbers are mos* 
desired (/ numbers, as in optics, can be defined 



Figure 4—152. Optic Analogy of Shaped 
Detonation Wore 


as the focal length divided by the diameter). 
The amount of explosive in the unshaped re- 
gion can be minimised by reducing the bound- 
ary from a spherical surface to a conical sur- 
face. The center of initiation then must be the 
apex of the cone <Fig. 4-163). 

If it is desired that the center of initiation 
be removed a small distance from the boundary, 
the interface becomes a hyperbola. A possible 
variation is to plsce the plane surface of the 
slow explosive at the detonator side, snd to 
shape a second boundary where the detonation 
passes back from the slow explosive to the fast 
explosive, as shown in Fig. 4-164. 

The ihapfe indicated by Fig. 4-163 has a 
lower height of slow explosive than the ahape 
shown by Fig. 4-164; therefore, it Is more effi- 
cient. In the cone model, the height of slow 
explosive is given by 

h=r/taito <4-177) 

where tan»= V*’” 1 1 n= V//V,, (4-178) 
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V, - the propagation velocity in the alow 
medium, 

the propagation velocity in the faat 
medium, 

and a = the index of refraction. 

In the transfer or air lens, the equivalent of 
the aingle line boundary can be approximated 
aa a flat metal plate of constant thickness. If 
the metal plate ia flat, like the first boundary 
of Fig. 4-164, and the detonator is removed a 
small distance from the boundary, the second 
surface becomes approximately parabolic. If 
the second surface is flat, as in Fig. 4-163, the 
transfer plate of constant thickness approxi- 
mates a hyperbola. In the limit for very large 
«, the height, h, approaches r/n. The ratio k/r 
for a Baratol Composition B lens is about 0.8, 
whereas the ratio for a satisfactory NOL type 
booster is about 0.12, a sizeable reduction. 

4-11. UCCTtlCAl raONRTIBS 
4-11.1. IntredscHsft 

Combustion flames and gaseous detonations 
contain ions and free electrons capable of in- 
fluencing the propagation of the detonation 
waves through external magnetic and electrical 
fields. Experiments have shown, for instance, 
that spinning detonation waves traversing 
longitudinal magnetic fields can be significantly 
reduced and even completely quenched (Refs. 
136 and 142). Transverse fields, on the other 
hand, have little or no influence on the propa- 
gation of the detonation wave. 

The pitch of the spinning detonation can be 
increased slightly by passing from positive to 


negative in a magnetic field. However, in going 
from negative to positive, the spin can be com- 
pletely interrupted, causing the wave speed to 
drop abruptly, but to rise again beyond the 
positive terminal of the electrical field. Inas- 
much as a flame in a uniform electrical field 
always bends toward the negative electrode 
(Ref. 143), it can be concluded that the particle 
motion, W, is accelerated toward the negative 
electrode and away from the positive electrode. 

These definite experimental results occurred 
with explosives at the detonation threshold, 
where small influences are believed to have an 
appreciable effect If the detonating gas sys- 
tem is not a threshold one, the external applied 
fields have little influence on the detonation 
velocity. 

4-16.2. General Theory 

Significant investigations of the mechanism 
of electrical conductivity in gases ionized by 
explosions have been performed by Birk, et al 
(Ref. 144), who started with general principles 
and later, by checking the mults, decided 
which factors were important and which as- 
sumptions were justifiable. 

To begin with, the current flowing between 
two electrodes in an ionised medium is 

/=j-i (4-179) 

where, in a consistent set of units, 

;w the current density, 
e=the cross sectional ares, 
and 

j ■ «=the scalar product 

The current density vector, j, is given in its 
general form as 

j=*S*. «,c. (4-180) 

where 

ft, = the number of charge carriers of typo s, 
per unit volume, 
e.-the carrier charge, 
and 

c,=the carrier velocity. 

The factor «. is cqurl to the charge of the 
electron, because at the temperatures involved, 
the possibility of double ionisation ia small. The 
state of the gas determines the number of 
charge carriers, n.. Assuming a state of equi- 
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librium, with equipartition of energy for the 
various particle* tuch ai ions, molecules, and 
electrons, the number of charge carriers may 
be calculated by 

•iVd-m*) = [(*n w, /l>] [(2#M/h 1 )»'*lp- t 7 w 

(4-181) 

where, in a consistent set of units, 

«i"the ratio of ionized particles to the total 
number of particles, 
fc= Boltzmann's constant, 

T=the absolute temperature, 

j»=the pressure, 

m=the mass of the electron, 

A *= Planck’s constant, 
and 

17, = the ionization energy. 

The values of p and T can be calculated from 
the measured velocities of detonation and of 
shock waves. 

Using Saenger’s theory (Ref. 144), the en- 
ergy from the detonation wave is at first trans- 
ferred to the undisturbed gas as a uniform 
translational energy. Within the first ten 
molecular collisions, the average molecular 
velocity is equal to the translational velocity. 
The molecules with a kinetic energy equal to or 
higher than their ionization energy become 
ionized, and their number is given by the ex- 
pression : 


a-JT/iV 

*m 1 W\C, / 


- 3 « ( ‘ 

2c ; ‘ 


where 


Wf 

4/ jL -s'* 


( 4 - 182 ) 


*,=the number of ions per cu cm, 
iu»the number of molecules per cu cm, 

Ci “the average velocity corresponding to 
the energy of ionization, 
and 

Ci=the average translational velocity. 

It is most difficult to estimate e„ which Is the 
average velocity of the charge carriers. Hie 
factor 7 , depends on numerous quantitJra, such 
as the mass velocity of the gas, the field 
strength, the mass of the particles, and the 
gradients of pressure, temperature, and con- 
centration. This velocity may be divided into 
two components, the mean mass velocity of th 


gas, «« and the mean velocity of the charge 
carriers relative to the gas, e,. Neglecting gra- 
dients of pressure, temperature, and concentra- 
tion for simplification, 

7^KJS (4-183) 

where 

JT,=the mobility of the charge carriers, 
and 

£=the field strength. 

Neglecting the effect of mass flow, Eq. 4-180 
may be written 

j =n,eK,E (4-184) 

where 

if, “the mobility of electrons, 

=the number of electrons per cu cm, 
and 

c=th* electron charge. 

The mobility of the electron* ia riven by the 
expression 

if, =0.921 A#/Vm[fcr+ Or 
+ (A *AfXVyi. 33 »n) 3 ,/ 4 3 1/s 

(4-186) 

where 

X»the mean free path of the electron, 

Af=the mass of the gas molecule, 
and 

Jfssthe field strength. 

Eq. 4-186 gives the nubility of the electron 
in the detonation zone of the order of 1<H 
cm/sec per V/cm. In sir, the mobility increases f 
from 10* to 10 1 an/sec per V/cm by increasing / 
the distance from the charge from 3 to 16 cm J 
For small degrees of ionisation the electri- 
cal conductivity of the gas ia approximately 
given (Ref. 146) by the expression j 


where 


jn/« 

]= constant * rv** r , 

, 1/2 


( 4 ^ 186 ) 


and 


i>*the density of gas, 


g,=the first Ionization potential of 'the gas. 

Fro be experiments indicate that at a given 
initial density the indicated conductivity, I, 
varied exponentially with temperature for 
small degree' of ionization. However, the indi- 
cated conductivity has been measured as low as 
1/1,000 of theoretical value. / 


4-226 


I S\ | 

jiVO 



/ 

A If™ ■ Wf 

5.1 ; ’ 

O' O i i) lli il 


/ 






H viU Lnu 

Theories of electrical conductivity in gases 
have been developed for two extreme cases. One 
case Is concerned with a very slightly ionized 
gas, where the dose encounters between the 
electrons and the neutral atoms decide the elec- 
tron mobility. (Refer to Par. 4-18.3, follow- 
ing.) The other case is concerned with a com- 
pletely ionized gas, where the distant encoun- 
ters between the ions predominate. (Refer to 
Par. 4-18.4, following.) 

For an intermediate case, the following ap- 
proximation is used, 


1.-UL, 

a a, 


(4-187) 


In Eq. 4-187, 1/a. denotes the electrical re- 
sistivity entirely due to close encounters be- 
tween electrons and the gas molecules and posi- 
tive ions; 1/4, denotes the resistivity due to dis- 
tant encounters between electrons and positive 
ions; and I denotes the resultant conductivity 
of the gas. 

Electrical resistivities (i.e., the reciprocal of 
conductivity) are given for several explosives 
in Table 4-31. 

4-lU. Theory for Slightly I Mined 6ss 

The electrical conductivity of a slightly ion- 
ized gas assuming rigid elastic spherical mole- 
cules is 

4=0.632 7 **1— 4 (4-188) 

(m,*D Q, 


where, in a consistent set of units, 

a=«i/m a , which is the degree of ionization, 
t=the electronic charge, 

*»,= the mass of an electron, 
and 

Q.-the electron-atom collision cross section. 
For a slightly ionized monatomic gas, the de- 
gree of ionization « at equilibrium is 

yv« 

«-G 7T77T r ' , '* r ‘ (4-189) 

(r) 

Eqs. 4-188 and 4-189 show that, when the 
degree of ionization ia low, the electrical con- 
ductivity varies exponentially with tempera- 
ture, while its dependence on pressure (or 
density) is small. TTie conductivity ia very sen- 
sitive to those impurities which have lower 
ionization potential than the gas. 

4-11.4. Theory for C saqri tM y list se d Gas 

The electrical conductivity of a completely 
singly ionized gas (Le., each gas atom has been 
ionized once) is given by 

0.591 (W*)* / * 

i — Z. rnr r <*- 190 > 

m.'-ViaU/h.) 

where, k is the Debye shielding distance in the 
plasma, and is given by 

*-8=7 <«"> 

while, 6„ the impact parameter at which a posi- 


(4-191) 
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tive ion deflects a mean-energy electron by 90 
degrees, is defined as t t/l kT. 

The above theories show that for a com- 
pletely ionized gas, the electrical conductivity 
is approximately proportional to the 3/2 power 
of the temperature, and that it changes very 
slowly with ion concentration density (through 
the logarithmic term). Moreover, it is inde- 
pendent of the nature of the gas. 

4.19. RAREFACTION WAVES 
4.19.1. Introduction 

A rarefaction wave is defined as a simple 
wave in which the pressure and density de- 
crease upon crossing the wave; if the pressure 
and density increase, the wave is called a com- 
pression or condensation wave (Ref. 138). In 
the following discussion, the analogy of a pis- 
ton moving in a gas which is initially at rest 
is used to describe the rarefaction wave. 

If the specified piston either r cedes from 
or advances into the gas, not all parts of the 
gas are affected instantaneously. A “wave” 
proceeds from the piston into the gas, and only 
the particles which have been reached by the 
wave front are disturbed from their initial 
state of rest. If this wave represents a con- 
tinuous motion, as is always the case if the pis- 
ton recedes from the gas, the wave front pro- 
gresses with the speed of sound, c, of the un- 
disturbed gas. If the piston moves into the gas, 
the situation may become more complicated 
through the emergence of a supersonic discon- 
tinuous shock wave. In this dirtuasion the 
concern is with continuous wave motion 
produced by a piston; such a wave motion is 
always a simple wave (Pig. 4-165). 

Distinguishing between expansive (rarefac- 
tion) and compressive (condensation) motion, 
consideration is first given to the expansive 
action of a receding piston, assuming that the 
medium is a gas originally at rest with con- 
stant density p, and sound speed e„ Further- 
more, it is assumed that the piston, originally 
at rest, is withdrawn with increasing speed, 
until ultimately the constant particle velocity 



Symbol! 

p « Density 
P * Pressure 
C * Sound Speed 


Subscripts 
B - Burnt Cos 
0 > Undisturbed Gas 
♦ - Forward Wave 
- ■ Backward Wav* 


Figure 4—15S. Simple Wave Region till. Connecting 
Two Regions II and III) of Constant 

State f.=— C< 

X— 1 


U,<0 is attained. Then the "path” P in the 
(jr, () -plane, which represents the piston mo- 
tion, bends backward from the origin 0 to a 
point B, where the slope V, with respect to the 
( axis is reached, and then continues as a 
straight line in the same direction as shown in 
Figs. 4-165, 4-156, and 4-157! 

4-19.2. Escape Spaad, Complete and 
Incomplete Rarefaction Waves 

The above construction is to be modified if 
the final piston speed exceeds a certain limit 
The reason is that the law of rarefaction ex- 
pressed by u-l-l. becomes meaningless as 
soon as I !/,!<(„ because l>o. The quantity L 
is, therefore, called the escape speed of the gas 
originally at rest. For polytropic gases 

f.=JLc„ (4-192) 

y-1 

where y is the ratio of specific heats. 

If -u, reaches the escape speed, the rare- 
faction thins the gas down to density zero; 
pressure and sound speed are likewise de- 
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creased to zero. If a rarefaction wave extends 
to this stage it is called a complete rarefaction 
wave because it ends in a vacuum. 

Generally, a piston receding at constant 
speed from a gas at rest causes a rarefaction 
wave of particles moving toward the piston at 
the head of the wave. This rarefaction wave 
moves into the gas at sound speed ; the velocity 
of the gas ia zero. Through the wave, the gas 
la accelerated. If the piston speed, - U», is be- 
low the escape epeed, L, the gas expands until 
it has reached the spaed - U» of the piston, and 
then continues with constant velocity, density, 
and pressure. If, however, the piston speed ex* 
coeds the escape speed, the expansion ia com- 
plete and the wave ends in a zone of cavitation 
between the tail of the wave and the piston. In 
any case, the wave moves into the undisturbed 
gas. while the gaa particles move at Increasing 
speed from the wave head to the tail; i.e., from 
zones of higher pressure and density to tones 
at lower pressure and density. 

The disturbance in the gaa resulting from 
the motion of the piston ia propagated 
into the undisturbed gaa with sound velocity, 
Cm corresponding to the state (*, p.) of the 
undisturbed gaa. This follows from the funda- 
mental fact that the domain of dependence of 
the sons x>e»t is the positive part x>o of the 
* axis, so that there the initial stats of rest 


Implies a constant state at net (The domain 
of dependence for a point of this region is ob- 
tained by drawing the charactariatica C+ and 
C— through it, to their intersection with the x 
axis). The flow resulting from the motion of 
the piaton is thus confined to the region x<c.t. 
Because this region ia adjacent to a region of 
constancy, the flow in ft is a simple wave. 
Evidently, it U a forward facing wave, because 
the gas enters this region from the right In 
this region, therefore, is constant 

Along the path x»X(t), the gas velocity 
agrees with the piston velocity 
U,(t) ; therefore, the density *, and bancs pres- 
sure, p, and sound speed, e. are determined 
from 1*= l,+ U,{t) , because dl/dp>Q and dp/ 
ip> 0. The slope a+e of the straight charac- 
teristics issuing from the piston path ia like- 
wise determined; Iwnce, the simple wave is 
determined as a whole. Because the piatou was 
assumed to be withdrawn and its velocity V , 
decreases, density and pressure alec decrease 
across the wave. Thus, the wave is a rarefac- 
tion wave. Also, the velocity dx/dt^u+e of 
the forward sound wavsa changes in the same 
senae as the gaa velocity a. Therefore, because 
the velocity a and, hence, a+c decrease, the 
straight characteristics issuing from the piston 
curve fan out 
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Of particular interest is the esse in which 
the acceleration of the piston from rest to s 
constant terminal velocity t/« takes place In an 
infinitely small time interval; i.e„ instantane- 
ously. Under these conditions, the family of 
characteristics C+ forming the simple wave 
degenerate into a pencil of lines through the 
origin 0: x-o, t* o (Fig. 4-168). In other 
words, the simple wave hat degenerated into a 
centered simple wave. It is dear that such a 
centered simple wave is a rarefaction wave, for 
« decreases on crossing the wave, if it is for- 
ward-facing, and increases if it is backward* 
facing. In both cases p and p decrease across 
the wave; therefore, it ii a rarefaction wave. 

At the center 0, the quantities u, * p aa a 
function of * and t are discontinuous, but this 
discontinuity is immediately smoothed out in 
the subsequent motion. 

4-19 44. I xpfleff fienmfes Hr Centered 
lerefeefJee Wives 

A centered simple wave may be described by 
the equation 

fm (rt+c) t (4-193) 

in which 

««M (4-194) 


u+e, and thus In terms of x/t. For a poly- 
tropic gat, the relations 





(4-195) 

and 


u=u-*')(Z-cA 

(4-196) 

\ * / 

where 


, r — I 
“■‘y + l 

(4-197) 

give the distributions of V and c in a 

centered 


simple wave explicitly. 

The solutions of the differential equations 
given in Courant and Friedrichs (Ref. 138) 
are, 

' (4-198) 

for the particle paths, and 

(4-199) 

for the cross-characteristics, where t, is the 
time at which the particle path or the cross- 
characteristic begins at the line x=e.i. 


INTERACTION WITH THIN INMtT 
MATERIALS 


may be considered a given function of e. In- 
versely, « and c may be expressed in terms of 



4-39,1. latreducHoe 

The dynamics of interaction at a metal-ex- 
plosive interface have been discussed theoret- ! 
Ically in considerable detail In Ret. 147, where j 
statically obtained compressibility data la ex- { 
trapolated and the pressure at the interface, aa 
viewed from within a steel plate, la determined 
to be about 280,000 atmospheres. The initial 
velocity of the surfece of e steel plate would be 
about 2400 ft/sec. Comparable figures tor lead 
are 270,000 atmospheres and 2,600 ft/sec. It 
is apparent from these data that the effect of 
explosions may be equivalent in certain re- 
spects to that of physical impacts in the order 
of 2,000 to 3,000 ft/sec. (Ref. 148) . 

The reaction of the metal to the explosion 
may be summarised as follows. First, near Its 
surface, the nets, is initially severely com- 
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praised under the action of the high pressure 
of the explosive. This compression may be as 
much as 30 per cent Second, on the sudden 
release of the pressure the surface will, of 
course, eventually return to a stress-free condi- 
tion. The metal, however, may have suffered 
severe permanent deformation. Third, a dis- 
turbance will be set up in the body. The dura- 
tion of the disturbance will be s few microsec- 
onds, so that the length of the pulses in the 
common metals will be a few inches. The dis- 
turbance of the metal wilt appecr as a sharp- 
fronted, transient wave whose propagation can 
be described approximately by known laws. 
Experimental work is described in the follow- 
ing paragraph. 

4 -3 QJ. Kxpsrlmesti 

Plane-wave explosive systems are em- 
ployed to determine the equatlons-of-state of 
various homogeneous metals at higher pres- 
sures. An explosive is detonated at one end 
of a metal specimen, and the shock wave is 
transmitted through the specimen to a plate 
at the other end, giving the plate some initial 
velocity. A photographic method is used to 
measure the velocities associated with the 
shock wave in each specimen. 

Pressure and specific volume data can be 
obtained by the equations of conservation from 
the measured velocities. From the experimen- 
tal curves, a more complete high pressure equa- 
tion of state can be computed. The Mie- 
Cruneisen theory and the thermodynamic vari- 
able 

<«"> 

are used in extending the equation of state by 
solving the Dugdale-HacDonaid relation (Ref. 
149). 

A typical shot assembly used by McQueen 
and Marsh (Ref. 149*) to determine the equa- 


* As Indicated 07 Um rafaranca, Iwbrill ha* Isa 
meerpM (ram tha work of B. 0. HcQwwn and S. P. 
March, "Equation of State for Nineteen Metallic fila- 
ments from Shock Wave Mearareatent to Two Hega- 
bara," JmnaJ 0 / Applied Phytic*, VoL SI, No. 7, July 
1940. 


tions of state of the metallic elements is shown 
in Fig. 4-169. In such a setup, small test speci- 
mens are mounted on the free surface of the 
brass target plate, and the shock wave velocity 
for each specimen and the shock strength in the 
brass are measured. These data determine the 
(P, V, E) state behind the shock wave in each 
specimen. 

To avoid errors caused by rarefaction waves 
originating at the explosive-driven interface, 
the maximum ratio, R, of target thickness (in- 
cluding the specimen) to drive plate thickness 
is expressed as 

1 1 

(4-201) 

where, in a consistent set of units, 

c=the sound velocity behind the shock 
wave, 

—m the ratio of tensities across the 
shock front, 
and 

V , = the shock wave velocity. 

The subscripts, d, and t, refer to the driver and 
target plates, respectively. 

The transformation of measured velocities to 
pressure-compression points is accomplished by 


Mamie J1 cm driver Mas 
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method* using the Rankine-Hugonlot relations 
for the conservations of mau and momentum 
across a shock front. 

V/V„"W.-U,)/U. (4-202) 

and 

P„=* V. U,+Puh (4-203) 

where 

Pun m pressure of undisturbed state ahead 
of the shock front, 
specific volume of undisturbed state 
ahead of the shock front, 

P„= pressure for the state behind the 
shock front, 

^specific volume for the state behind 
the shock front, 
and 

U, = Is the shock particle velocity. 

One transformation method reasons that 

(4-204) 

and approximates 

V, =V„/ 2 (4-206) 

where 

U,,=th« free surface velocity, 
and 

t/ r »the particle velocity, due to the cen- 
tered rarefaction wave relieving the 
pressure. 

Eqs. 4-204 and 4-206 are combined with 
Eqs, 4-202 and 4-203, and measured values of 
V, and Iff. then determine the pressure-volume 
points of the Hugoniot curve. The experimen- 
tal data is plotted and fitted by the equation 

17,-C+S U„ (4-206) 

The experimental results transformed by the 
Rankine-Hugonlot become 


and 

{c< y.-tw.-s(r.-ni}' 

(4-208) 

where P,, and E u are, respectively, the pressure 
and internal energy on the Hugoniot, and C 
and S are constants. The Gruneisen ratio y la 

y*F(/W, )/<£„-&) (4-209) 

where the subscript / pertains to the properties 
on an isentrope, and is obtained by using the 
Dugdnle-MacDonald relationship 

V d'(PV*'‘)/dV< 1 

7 2 d(PV* : *)/dV 3 

(4-210) 

From known specific heat and thermal ex- 
pansion data, a complete IP, V. E) equation of 
state can be obtained with y (V) and Eq. 
4-209. McQueen ami Marsh (Ref. 149) list 
experimental data of values of C and 5 for 
nineteen metallic element*, from which equa- 
tions of state of the elements can be calculated. 
Walsh, et ai (Ref. 33), reproduce similar ex- 
perimental data for 27 metals by analytical 
fit of the form 

Pf,* Aa+Rp’+CV (4-211) 

where 

a-e/f-WVWn-l. (4-212) 

The constants A, B, and C are listed in tabu- 
lar form, and from the conservation of energy 

fin~ Eun a — (P«+P.) ( — V) 

Ea-.Ifw, - (4fi J +Ra*+Cft , )/2p,0*+l) * 

(4-218) 

Here, Eqe. 4-211, 4-212, and 4-213, with the 
tables, provide all the thermodynamic data ob- 
tainable by the shock wave measurements. 
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4-21. LIST OI> SYMfOLS 

d 

diameter of shell casing 

(in.) 

a fragment dimeneion between 

i 

horizontal range; depth 

(ft, yd) 

planes of rupture 

(in.) *. 

carrier charge 


o velocity 

f 

order function 
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k 

Planck's constant 


D,' 

duration of negative phase (sec., min) 

k 

height of burst 

(ft) 

D, 

diameter of rupture zone 

(ft) 

) 

current density 


D. 

tissue dose 

(Rada) 

k 

Boltzmann's constant 


Dr 

diameter of true crater 

(ft) 

m 

mass 


D(«.) 

static fragment density, number of frag- 


wave length (millimicrons) 


menta per steradlan 


n 

exponent 


E 

internal energy per unit mass 


H 

Index of refraction 


E 

field strength 


n. 

number of electrons per cu cm 

E. 

iuternai energy of explosive 


W| 

number of ions per cu cm 


E k 

energy density 

(noted) 

H- 

number of molecules per cu cm 

a£,\ 

Arrhenius constants 


». 

number of charge carriers of type a per 

ay 

free energy of reaction 



unit volume 


H 

Mach stem height 

(ft) 

N» 

number of fragments per given inicrval 

H.i 

depth of apparent crater 

(ft) 


of e 


Hl 

height of ciater lip 

(ft) 

P 

pressure 


Hr 

depth of true crater 

(ft) 

P . 

ambient fluid pressure before 


heat of activation 



blast 

(psi) 

I 

radiation intensity 

(noted) 


heat of explosion retained by the gases 


positive overpressure impulse 



after the work process 


lf 

negative overpressure impulse 



first ionization potential of the gas 

/.* 

positive dynamic impulse 


r 

roentgen 



negative dynamic impulse 


r 

radius 

(ft) 

K 

Boltzmann's constant 


* 

cross sectional area 


K. 

mobility of electrons 


t 

time 

(sec.) 

K. 

mobility of charge carriers 


t 

thickness 

(In.) 

KE 

energy per unit length (ft-lb/ln.) 

u 

velocity 

(ft/sec.) 

K' 

specific reaction rate constant 


w 

weight of explosive (lb, ton, KT, MT) 

L 

length of shell casing 

(in.) 

X 

thickness 

(noted) 

M 

mass (slugs, grams) 

X 

distance 

(ft) 

M. 

constant (aa noted) 

X 

velocity 

(ft/sec.) 

N 

number of fragments 


A 

constant 

(as noted) 

N 

neutron done 

(noted) 

A 

cross sectional area (sq in., sq ft) 

N. 

constant (as noted) 

A 

Arrhenius constants 


N, 

thermal neutron flux (neutroos/sq cm) 

A 

wave length (Angstroms) 

Hu 

neutron flux above Uranium 


B 

maximum material stress 



threshold (neutroos/sq cm) 


before rupture 

(lb/sq in.) 

Nr, 

neutron flux above Neptunium 


Bix) 

radiation build-up factor 


threshold (neutrona/sqcm) 

C 

heat capacity 


N, u 

neutron flux above Plutonium 


C 

mass of explosive charge 

(slugs) 


threshold (neutrons 'sq cm) 

c, 

constant 

(as noted) 

N , 

neutron flux above sulphur 


Ct 

drag coefficient 

(ft/sec.) 


threshold ( neutrons /sq cm) 

c. 

speed of sound 

P 

thermal power (cal/sec.) 

D 

slant range 

(noted) 

P 

pressure 

(p*i) 

D 

drag 

(lb) 

P 

path of piston motion 


D 

velocity of detonation wave 

(ft/sec.) 

Pm 

peak pressure 

(psi) 

d a 

diameter of apparent crater 

(ft) 

Q 

radiant exposure (cal/sqcm) 

d l 

diameter of crater Up 

(ft) 

Q 

specific heat of reaction 


D, 

diameter of plastic -one 

(ft) 

Q. 

electron atom collision cross section 

fV 

duration of positive phase 

(sec., min) 

R 

gas constant 
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R radius of fireball (ft) 

R target resistance to penetration (lb) 

R distance from blast center (ft) 

S tensile strength (Ib/sq in.) 

aS entropy of activation 

T absolute temperature (°K) 

T total kinetic energy <ft-Ib) 

T atmospheric transmissivity 

V velocity (ft/sec.) 

U i ionization energy 

V specific volume 

V velocity (ft/sec.) 

V' volume of apparent crater (cuft) 

W energy yield (KT) 

W energy per unit area (ft-Ib/sq in.) 

X field strength 

XU wave length (X-units) 


a, ratio of ionized particles to the total 

number of particles 
y ratio of specific heat 

« electron charge 


t expansion ratio 

8 angle of obliquity between pro- 

jectile and target at impact (deg) 
6, ambient temperature of fluid before 

blast 

8, static angle of fragment ejection (deg) 

X thermal conductivity 

X wave length (noted) 

X m wave length for max energy 

density (noted) 

p amount of matter detonating per second 

p one-half the mean fragment 

mass (slugs, grams) 

p wave length (microns) 

p. linear absorption coefficient 

p density 

o electrical conductivity 

<j, fragment ejection angle (deg) 

$ radiant energy flux (noted) 

s mascropic cross section 

t ignition time 
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air bant. Any bunt In the air, but usually 
having reference to the bursting of a 
projectile or bomb above the ground with 
resulting spray of fragments, 
aircraft. 1. In a broad sense, any machine 
or craft designed to go through the air 
(including, in some instances, outer 
space), given lift by its own buoyancy (as 
. with airships) , or by dynamic reaction of 
air particles over and about its surfaces, 
or by reaction to a jet stream or other 
fluid jet. 2. Restrictive— A powered, fixed- 
wing airplane. 

airframe. The structural components of an 
airplane or missile, including the frame 
work and skin of such pails as the fuse- 
lage, empennage, wings, landing gear 
(minus tires), and engine mounts, 
airspeed. The velocity at which an aircraft 
is traveling through the atmosphere (air). 
It is entirely independent of any distance 
covered on the surface of the earth, 
aluminized explosive. An explosive to which 
aluminum has been added. The alu- 
minum, in flaked or powdered form, is 
incorporated into the explosive to Increase 
the blast effect Examples of aluminized 
explosives include ammonal, HBX’s, and 
tri tonal. 

ambient Surrounding, encompassing, as in 
ambient air, ambient temperature. 

s 

ammunition. 1. A generic term which in- 
cludes all manner of missiles to be thrown 
against an enemy, such as bullets, projec- ' 
tiles, rockets, grenades, torpedoes, bomba, 
and guided missiles, along with their 
necessary propellants, primers, fuzes, 
detonators and charges of conventional ex- 
plosive, nuclear explosive, chemical or 
other materials. 2. In the broadest sense 
the term is not limited to those materials 
to be thrown, nor to use against an enemy, 
but includes, in addition to the items and 
materials given in sense 1, all explosives, 


explosive devices, pyrotechnics and pyro- 
technic devices. The purpose is not limited 
and includes, in addition to direct use 
against an enemy, such uses as illumina- 
tion, signaling, saluting, mining, digging, 
cutting, accelerating, decelerating, sepa- 
rating, catapulting personnel or materiel, 
operating or stopping mechanisms, dem- 
olition, decoying, practice, training, 
guarding, game hunting, and pure sport 
3. la the most restricted sense the term 
includes a complete round and all its com- 
ponents; that is, the malarial required for 
firing a weapon such as a pistol, rifle, or 
cannon, from which a projectile is thrown 
for inflicting damage upon an enemy. 
Generally the term is used or taken in its 
broadest sense (sense 2) unlees a more 
restricted sense is indicated or is implied 
by the context. 

antisnuor. Of ammunition, bombs, bullets, 
projectiles, or the like : Designed to defeat 
amor and other resistant targets. 

antimechanized defease. All means used for 
defense against armored combat vehicles. 
It may include such means as armored 
units, antitank weapons and grenades, 
field artillery, antiaircraft artillery, ditch- 
es, traps, mine fields, and any other means 
available. Also known as antitank dsfsnss. 

antipersonnel (apers) Of projectiles, bombs, 
mires, grenades, or the like: Designed to 
kil r ,, wound, or obstruct personnel. 

antitank. (AT) Used, or designed to be used, 
against tanks. 

antitank weapon. Any weapon designed or 
suitable for use against tanks or other 
armored vehicles. Antitank rockets, anti- 
tank grenades, and antitank guns am ex- 
amples of antitank weapons. 

appUqae armor. Material nr attachment 
which can be installed on a tank to give 
it additional protection against kinetic or 
nonkinetic energy ammontion. 
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im target A target emulating of an area, 
such u an intin munition! factory, 
rather than a aingle building or limilar 
point target 

amor. 1. Any physical protective covering, 
auch at metal, uaed on tanka, airplane*, 
etc., or on persons, against projectiles or 
fragments. See: armor, body, fragmen- 
tation protective; atari armor plate. 2. 
Armored units or forces. 3. In a weapon 
system, that component that gives pro- 
tection to the vehicle or the weapon on 
its way to the target. In sense 1, conven- 
tional steel armor is classified according 
to its physical and metallurgical struc- 
ture, as face hardened or homogeneous. 
It is also classified according to its method 
of fabrication, as cast or rolled. In sense 
3, the armor may consist of armor (sense 
1) or any other protective device or tech- 
nique, such ai “chaff," diversionary at- 
tack, speed, etc. 

armor, bod?, fragmentation protective. 
Armor especially designed to provide frag- 
mentation protection to vital areas of the 
body. Usually provided in the form of 
garments which may contain steel, nylon, 
or other resistant materials, 

armor castings. A type of armor frequently 
uaed when complicated shapes are in-/ 
voived. Such castings are made of high 
alloy steel and are ao heat treated as to 
have the properties of armor plate. Kay 
be either the homogeneous or face-hard- 
ened type. Sac aimer. 

armor defeating, A term similar to anti- 
armor, sometimes applied to any of sev- 
eral types of ammunition, having for its 
principal purpose the defeat of armor pro- 
taction of armored vehicles or ships. Types 
of auch ammunition are armor-piercing, 
HEAT, etc. 

armored personnel carrier. An armored ve- 
hicle which provides protection from small 
anas fire and shell fragments; used to 
transport personnel both on and off the 


armored vehicle. A winded or track-laying 
vehicle mounting armor plate, used for 
combat security or cargo. Armored ve- 
hicles include tanka, personnel carriers, 
armored can, self-propelled artillery and 
/arious special purpose vehicles, 
armored vehicle damage. See: damage cate- 
gories. 

armor-piercing. (AP) Of ammunition, bomba, 
bullets, projectiles, or the like: Designed 
to penetrate armor and other resistant 
targets. 

■ armor-piercing, capped. (APC) Of armor- 
piercing projectiles: Having an armor- 
piercing cap over the nose. See: cap, 
armor-pierdng. 

armor, spaced. Set: spaced armor. 

Army complete penetration. Penetration in 
which it is possible to see light through 
the hole made by vho projectile, or in 
which it is possible to see a portion of the 
projectile in the plate when viewed from 
the rear. 

arrow projectile. See: projectile, arrow, 
aspect angle. The angle formed between the 
longitudinal axis of a projectile in Right 
and the axis of a radar beam, 
atomic air bunt. The explosion of an atomic 
weapon in the air, at a height greater than 
' the maximum radius of the fireball, 
atomic device. Any explosive device that 
makes use of active nuclear material to 
cause a chain reaction upon detonation, 
'atomic surface bunt Atomic missile burst 
at an elevation auch that the fireball 
touches the ground. 

atomic endergnmad bunt The explosion of 
an atomic weapon with its canter beneath 
the surface of the ground, 
atomic un de rw at e r bunt The explosion of 
an atomic weapon with its center beneath 
the surface of the water, 
attitude. The aspect that an aircraft or mis- 
sile presents at any given moment, as 
determined by its inclinations about its 
throe axes. 
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tall ■■■iiuHIm Non-ermor-piercing (null 
•rau ammunition in which the projectile 
in solid. It is intended for use against 
personnel light ma+erial targets, cr for 
training purposes. 

ballistic. Pertaining to bailie tics (which see) 
or the motion of missiles. 

talUstic coefficient. The numerical measure 
of the ability of a missile to overcome sir 
resistance. It is dependent upon the mass, 
the diameter, and the form factor (which 
see). 

ballistic limit The minimum velocity at 
which s particular armor-piercing projec- 
tile is expected to consistently, completely, 
penetrate armor plate of given thickness 
and physical properties, at a specified 
angle of obliquity. Because of the expense 
of firing tests and the impossibility of 
controlling striking velocity precisely, plus 
the existence of a zone of mixed results 
in which a projectile may completely pene- 
trate or only partially penetrate under 
apparently identical conditions, statistical 
approaches are necessary, based upon 
limited firings. Certain approaches lead 
to approximation of the Vm Point, that is, 
the velocity at which complete penetra- 
tion and incomplete penetration are 
equally likely to occur. Other methods 
attempt to approximate the V ( Point; 
that is, the maximum velocity at 
which no complete penetration will occur. 
Other methods attempt to approximate 
the Vnt Point; that is, the minimum 
velocity at which all projectiles will com- 
pletely penetrate. 

ballistic missile Specifically, any missile 
guided especially in the upward part of 
it# trajectory, but becoming a free falling 
body in the latter stages of its flight 
through the atmosphere. This missilo con- 
tains guiding devices, such ae preset mech- 
anisms; but U is distinguished from a 
guided missile in that it becomes a free 
falling body, subject to ballistic reactions 
aa it descends through the atmosphere. 
Currently, the term has a strong connota- 
tion of a missile designed to travel out- 


side, or in the outer reaches of, the atmos- 
phere, before plunging toward its target 

taBiatica. Branch of applied mechanics which 
deals with the motion and behavior char- 
acteristics of misailea; that is, projectiles, 
bombs, rockets, guided mi s ai lea, etc, and 
of accompanying ph en om en a. It can be 
conveniently divided into three branches: 
interior ballistics, which deals with the 
motion of the projectile in the bore of the 
weapon; exterior ballistics, which deals 
with the motion of the projectile while in 
flight; and terminal baUii&lca, which is con- 
cerned with the effect and action of the 
projectile when it impacts or bursts. 

tazooks. Popular nama applied to tha 246- 
inch rocket launcher. The later model 
3.60-inch rocket launcher waa termed the 
“super bazooka.” 

biological warfare, (biowar) 1. ‘Warfare 
waged by the employment of living organ- 
isms, toxic bacteriological products, and 
chemical plant-growth inhibitors to pro- 
duce death or casualties in man, animals, 
or plants. 2. Defense against such war- 
fare. 

black powder, A low explosive consisting of 
an intimate mixture of potassium or 
sodium nitrate, charcoal and sulfur. It is 
easily ignited and ia friction sensitive, but 
is not of the same sensitivity as primer 
mixes, and is not intended to be initiated 
by friction in ammunition items. Form- 
erly, extensively used as a military pro 
pellxnt, but now its military use is almost 
exclusively in propellant ' igniters and 
primers, in fuzes to giro short delay, in 
powder-train time fuzes, (n blank ammuni- 
tion. and as spotting charge* in practice 
ammunition. 

blast The brief and rapid changes in air 
pressure, density, temperature, and par- 
ticle velocity resulting from the detonation 
of any explosive matter. 

blast contour. A graphical representation of 
the results of tests of bare explosive 
charges against a given target structure. 
The contour represents the maximum dis- 
tance from the center of detonation at 



which torn* level of damage, See: damage 
categories, to the structure would occur, 
from charges of s certain weight, and in. 
a given orientation. A given blast con- 
tour applies to only one target structure, 
bloat wave. See: shock wave. The shock 
wave transmitted through the air os the 
result of sn explosion. Th> iugh usage, the 
term shock wave often is refer, od to as a 
blast wave, or air blast 
body ermor. See: amor, body, fragmenta- 
tion protective. 

bomb. 1. In a broad sense, on explosive or 
other lethal agent, together with its con- 
tainer or holder, which ia planted or 
thrown by hand, dropped from sn aircraft, 
or projected by some other slow-speed de- 
vice (as by lobbing it from a mortar) , and 
ia used to destroy, damage, injure, or kill. 
2. Anything similar to this object in ap- 
pearance, operation, or effect, aa a leaflet 
bomb, smoke bomb, photofiash bomb, a 
bomb-like container or chamber, etc. 
bomb, atomic. (A-bomb) Meaning formerly 
limited to a bomb in which the explosive 
consists of a nuclear- fissionable, radioac- 
tive material, aa uranium 23S or plutonium 
239. Now accepted as synonymous with 
the term bomb, nuclear, 
bomb, cobalt. A theoretical atomic or hy- 
drogen bomb encased in cobalt, the cobalt 
of which would be tranc " ned into deadly 
radioactive dust upon tation. 
bomb, hydrogen. (H-bomb) A fusion bomb 
in which an isotope ef hydrogen Is made 
to fuse under intense heat, with a result- 
ant loss of weight and release of energy, 
bomb, sucker. A bomb that releases explo- 
sive energy either through nuclear flsaion 
or nuclear fusion. This term is applied 
either to the atomic bomb or the hydrogen 
bomb. 

booster. Assembly of metal parts and explo- 
sive charge provided to augment the ex- 
plosive component of a fuse, to cause deto- 
nation of the main explosive charge of the 
munition. May be an Integral part of the 
fuxe. The explosive in the booster must 
be sufficiently sensitive to be actuated by 


the smell explosive elements in a fuse, and 
powerful enough to cause detonation of 
the main explosive filling. 

brisaace. The ability of an explosive to shat- 
ter the medium which confines it; tlie shat- 
tering effect of the explosive. (Adjective: 
brisant.) 

bullet, incendiary. A bullet having an In- 
cendiary charge, used especially against 
flammable targets. 

C 

calorimetric test. As applied to interior bal- 
listics, the use of a calorimeter to deter- 
mine the thermochemical characteristics 
of propellants and explosives. The prop- 
erties normally determined are heat of 
combustion, heat of explosion, heat of 
formation, and heat of reaction. 

casualty agent A toxic or lethal chemical 
agent that can be used effectively In the 
field. 

casualty criteria. Standards by means of 
which may be classified the ability of am- 
munition items, or fragments therefrom, to 
inflict disabling wounds on personnel. 

casualty gas. War gas capable of producing 
serious injury or death when used in effec- 
tive concentrations. 

CEP (ahbr.) Circular probable error. The 
original expression appears to have been 
circular error probability. 

chaff, countermeasures. A thin, flat, piece of 
metal foil, plain or backed, specifically de- 
signed to act ss a countermeasure against 
enemy radar when released into the at- 
mosphere. 

Chapman-Jouguet plane. For a hypothetical, 
infinite-plane detonation wave: A moving 
reference plane, behind the initial shock 
front, in which it is variously assumed 
that; (a) reaction (and energy releases) 
has been effectively completed; (b) reac- 
tion product gases have reached thermo- 
dynamic equilibrium; (c) reaction gases, 
streaming backward out of the detonation, 
have reached such a condition that a 
forward-moving soundwave located at this 
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precise plane would remain a fixed dis- 
tance behind the initial shock. 

charge. 1. A given Quantity of explosive 
either by itself, or contained in a bomb, 
projectile, mine, or the like, or used as the 
propellant for a bullet or projectile. 2. 
That with which a bomb, projectile, mine, 
or the like is Ailed, as a charge of explo- 
sive, thermite, etc. Also called the '‘fill," 
"filler," or “filling." 3. In small arms, a 
cartridge or round of ammunition. 4. To 
fill wilh a charge. 5. To place a charge 
in a gun chamber. 

charge, bare. An explosive charge without 
cosing, prepared for use in determining 
exploshe blast characteristics. 

charge, bunting. The main expioeive charge 
in a mine, bomb, projectile, or the like 
that breaks the casing and produces frag- 
mentation or demolition. 

charge, cased. 1. Propelling charge within a 
cartridge case. 2. Any explos ve charge 
within a case, as opposed to s bare charge. 

charge, shaped. (SC) An explosive charge 
with a shaped cavity. Sometimes called 
cavity charge. Called hollow charge in 
Great Britain. Use of the term shaped 
charge generally implies the presence of a 
lined cavity. 

chemical agent, military. A chemical item 
either solid, liquid, or gas div ied into 
three principal categories: war gases, 
smokes, and incendiaries. It is developed 
for the purpose of conducting defensive 
sad/or offensive warfare. Through its 
chemical properties it produces: lethal, in- 
jurious, or irritant effects resulting in 
casualties: a screening or colored smoke; 
or acta as an incendiary agent 

chronograph. 1. general. An instrument 
for measuring time. 2. As applied to bal- 
listics, an iaatruuent for determining ve- 
locity by measuring the time required for 
a projectile to travel a kno vn distance, 
thus furnishing the data for determination 
of the velocity. A complete chronograph 
usually consists of two main systems : one 
for detecting the projectile as it passes 
two (or more) points whose distance apart 


and distance from the muzzle are known 
accurately; and a second system for re- 
cording these p assa ges on a time scale, 
thus supplying information that is readily 
converted into velocity. The velocity ob- 
tained in this manner is the average ve- 
locity between the recorded point*,. This 
is converted to muzzle velocity by adding 
to it the velocity loet, which is obtained 
from tables or charts which take into ac- 
count the form factor (shape) of the pro* 
jectile and the distance which It has 
traveled. 

circular error. 1. A bombing error measured 
by the radial distance of a point of bomb 
impact, or mean-point of impact, from the 
center of the target, excluding gross 
errors. 2. With an alrbnrst atomic bomb, 
this la the bombing error measured from 
the point on the ground, immediately be- 
low the bomb .burst, to the desired ground 
zero. See: g ro u nd zero. 

circular probable error. (CEP) 1. The prob- 
able bombing error expressed in terms of 
the radius of a circle centered on the de- 
sired mean- point of Impact (DMPI) of a 
bom bf ell, and containing half of the ex- 
pected bombfall, excluding gross errors; 
also sometimes applied to the actual bomb- 
ing error. 2. With an airburst atomic 
bomb, this la the probable bombing error 
expressed in terns of the radius of a circle 
centered upon the desired ground zero 
(DGZ), the radios from that point being 
projected h ori zontally to the point below 
the bomb bunt Grosz errors are also ex- 
cluded in atomic bombing. 3. With refer- 
ence to guided missiles, this is a probable 
error expressed in terms of the radius of a 
circle within which one-half of a given 
number of missiles can be expected to falL 
Gross errors are usually excluded. See: 
CEP. 

coball bomb. See: hamb, cobalt 

complete paset mites. I. In Army termi- 
nology, penetration obtained whan the pro- 
jectile in the target or light through the 
target can be seen from the rear of the 
target 2. In Navy terminology, pens) - 
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Uon obtihwd when the projectile passes 
through tbs target intact, or a major por- 
tion of the projectile paeaee through. 3. 
Protection complete penetration (which 
ace). 

castrate. A general term applied to the means 
provided to enable the pilot to control the 
speed, direction of (light, attitude, power, 
etc., of an aircraft control surface. 

control surface. 1. In a broad sense, any 
movable airfoil used to guide or control an 
aircraft, guided missile, or the like in the 
sir, including the rudder, elevators, ailer- 
ons, spoiler flaps, trim tabs, and the like. 
2. In raetrlcted usage, one of the main 
control surfaces; l.«., the rudder, an ele- 
vator, or an aileron. 

cover function. A function of the preeented 
area of a target, based upon the shielding 
or cover afforded the target by the sur- 
rounding terrain. 

critical mass. The minimum mass of a (to- 
aioaabia material, when related to a specific 
shape and environment, necaaeary to sus- 
tain a nuclear chain reaction. 

D 

damage, (dam.) 1. Aa injury short of com- 
plete destruction inflicted upon persons, 
equipment, or installations. 2. To cause 
damage, esnae 1. 2. Set: damage cate* 
gortea. 

damage ii — n — rr* The result of examina- 
tion of combat materiel, particularly air- 
craft and armored vehicle*, after a simu- 
lated attack, to determine the category in 
which the damage re sult i n g from the at- 
tack would be placed. See: damage cate- 
gorise. By the assessment, the individual 
or team making the examination, deter- 
mine aa accurately as possible the proba- 
bility, in percentage points, that the in- 
flicted damage would produce e mult 
corresponding to a certain damage cate- 
gory. 

damage categories. Two damage category 
daaaifieatkns, applying to combat mate- 
rial subject to attack, have been accepted 
for use in evaluation damage and damage 


potential of ammunition. The drat classi- 
fication, applied to aircraft, employs the 
following damage evaluation terms: 

K damage— damage such that the air- 
craft will fall out of control i mm e di a t ely 
after the damage occurs. 

KK damage— damags such that the air- 
craft will disintegrate i mme d i a tel y after 
the damage occurs. 

A damage damage such that ths air- 
craft will fall out of control within five 
minutes after damage occurs. 

B damage— damage such that the air- 
craft will be unable to return to its base. 

C damage damage that win prevent 
the aircraft from completing its mission. 
The second classification, applied to arm- 
ored vehicles, employs the following dam- 
age evaluation tonus: 

K damage— damage that will cause the 
vehicle to bo destroyed. 

F damage— damage causing complete or 
partial loss of the ability of the vehicle 
to Are its main araamant end machine 
guns. 

U damage— damage causing immobili- 
zation of the vehicle. 

damage radius. 1. The distance at which, in 
terms of experience or theoretical calcu- 
lations, certain types of damage can be 
expected from a specified type of explosive 
item. 2. Atomic explosion— the distance 
from ground sera at which there is a 80 
percent probability that a target element 
susceptible to the weapon effect considered 
will be damaged. 

decay. The sponta n eous disintegration of 
radioactive nuclei to a mom stable form, 
generally accomplished by the emission of 
particles and/or gamma radiation. Decay 
also refers to the decrease in intensity of 
radioactivity with passage of time, 
decay factor. A constant which is mu lt iplied 
by the value of does rate at one hour, to 
give the rate at some other time, 
dsairsd groand sera. (DGZ) For a surface 
burst, the paint on the earth’s surface 
where atomic detonation is dsairsd. For 
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an air bunt or underground bunt, the 
point it on the earth’s surface directly be- 
low or directly above the desired point of 
dstonatior 

detonation. An exothermic chemical reaction 
that propagates with such rapidity, that 
the rat a of advance of the reaction zone 
into the unreacted materia) exceeds the 
velocity of sound in the unreacted mate- 
rial; that is, the advancing reaction zone 
is preceded by a shock wave. A detonation 
is classed as an explosion. The rate of 
advance of the reaction zone is termed 
detonation rate or detonation velocity. 
When this rate of advance attains such a 
value that it wUl continue without diminu- 
tion through the unreacted materia), it is 
termed the atable detonation velocity. The 

, exact value of this term is dependent upon 
a number of factors, principally the chem- 
ical and physical properties of the mate- 
rial When the detonation rate ia equal to 
r.i greater than the stable detonation veloc- 
ity of the explosive, the reaction ia termed 
a high-order detonation. When the deto- 
nation rate is lower than the stable deto- 
nation velocity of the explosive, the reac- 
tion ia termed a low-order detonation. 

detonation treat. The reaction zone of a deto- 
nation. 

detonatio n wave. The shock wave which pre- 
cedes the advancing reaction none in n 
high-order detonation. 

detonator. An explosive train component 
which can be activated by either a non- 
explosive impulse, or the action of a 
primer, and is capable of reliably initiat- 
ing high-order detonation in a subsequent, 
high-explosive component of train. When 
activated by a nonexplosive impulse, a 
de to na to r includes the function of a 
primer. In general, detonators are clasai- 
Aed in accordance with the method of 
initiation, such as percussion, stab, elec- 
tric, flash, etc 

DGZ (obbr.) Desired ground zero. 

discarding petal A part of a discarding 
sabot in which the aabot ia composed of a 
base and attached pieces extending from 


it. These pieces, called p et als, surround 
the core. They peel back under centrifugal 
and aerodynamic farces and are discarded 
just in front of a gun munis 
discarding sabot. See: esboC 
dose. The total amount of nuclear radiation 
received by an individual, expressed in 
roentgens. Usually used to mean total 
dose. Also expressed as RAD (which see) . 
done rate. A measurement of the intensity of 
persistent or residual radio-activity ex- 
pressed in terms of roentgens per hour. 
Also expressed as RAD. 
drag force or component, (stress analysis) 
A force or component, la the drag direc- 
tion; La., parallel to the relative wind, 
dynamic pressure. Set: pressure, dynamic, 
dynamics. A breach of maHianlcs that treats 
of the motion of bodies, and of the forces 
acting upon bodies In motion or in process 
of changing motion. 

dynamite. A high explosive, c o nsis t i n g of 
nitroglycerin and/or nitroglycol and/or 
^ammonium nitrate and other materials 
' with or without an inert base, packed in 
cylindrical paper cartridges or in bags. 
It is set off by a detonator and ia generally 
used to break rocks, move dirt, or demolish 
buildings. 

E 


electronic cewatormoaearaa. (ECU) Usually 
pi. Any of various offensive or defensive 
tactics using electronic mad reflection de- 
vices to reduce the military effectiveness 
of enemy equipment, or tactics, employing 
or affected by electromagnetic ra dia tion s 
electronic jamming. An action involved to 
electronic couatenmaaans, being the ra- 
diation or re-rmdiattai a t electromagnetic 
waves to impair the use of a specific seg- 
ment of the radio spectrum. Usually 
shortened to “jamming. 1 * 
energy, radiant. Energy consisting of elec- 
tromagnetic waves, such as light, infrared, 
radio, and radar. 

expkmioa. (explo) L A chemical reaction 
or change of state, effect to an excoed- 
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Ingly ihort apace of time, with the gen- 
eration of a high temperature and, 
generally, a large quantity of gas. An 
expiation produce* a chock wave in the 
surrounding medium. 2. Now also used 
with reference to the explosive effects of 
nuclear weapons. 3. In general sense, any 
violent bursting or expansion, with noise, 
following a sudden production of great 
pressure or a release of great pressure. 

axpioaion, chemical. See: explosion, sense 1. 

expletive, (explo) 1. A substance or mix- 
ture of substances which may be made to 
undergo a r.pid chemical change, without 
an outside supply of oxygen, with the 
liberation of large quantities of energy, 
generally accompanied by the evolution of 
hot gases. Explosives are divided into two 
classes, high explosives, and low explo- 
sives, according to their rate of reaction 
in normal usage. Certain mixtures of fuels 
and oxidisera that can be made to explode 
an considered to be explosives. However, 
a substance such as a fuel which requires 
an outside source of oxidixar to explode, or 
an oxidizer which requires an outside 
source of fuel to explode, Is not considered 
an explosive. 2. Now used loosely with 
reference to nuclear weapons. 

explosive, conventional. A nonatoraic explo- 
sive. 


F 

fallback. That part of the material carried 
into the air by an atomic expiation that 
ultimately drops back to the earth, or 
water, at the site of the explosion. 

fallout. The process of precipitation to earth 
of . particulate matter from an atomic 
cloud; also applied in a collective sense 
to the particulate matter Itself. Although 
not necessarily so, such particulate matter 
is generally radioactive, 

faiioul area. The ana on which radioactive 
materials have settled out, or the area on 
which it is predicted from weather con- 


ditions that radioactive materials may 
settle out 

film badge. A photographic film packet to 
to be carried by personnel, in the form 
of a badge, for measuring and perma- 
nently recording (usually ) .g amma ray 
dosage. 

fin stabilization. Method of stabilizing a pro- 
jectile, os a rocket bomb or miszile, dur- 
ing flight, by the aerodynamic use of 
protruding fins. 

fission. Of radioactive material: To split 
apart within the atomic nucleus, as in, 
"cobalt would neither fission nor fuse.’' 

fissionable. Of a material such as cranium: 
Subject to nuclear fission. 

fission bomb. A bomb intended to derive its 
explosive force from nuclear fission. Set: 
bomb, atomic. 

Assies, nuclear. The splitting of an atomic 
nucleus, as by neutron bombardment 
See: bomb, atomic. 

Hash radiography. Method of high-speed, X- 
ray photography. Used in analysis of am- 
munition functioning. 

flechette. 1. An aerial dart. 2. A small fin- 
stabilized missile, a large number of which 
can be losded in artillery canister. 

flutter. A vibrating and oscillating move- 
ment of a wing, control surface, or the 
like, caused by aerodynamic forces acting 
upon an airfoil or surface having elastic 
and Inertial qualities. 

form factor. Factor introduced into the bal- 
listic coefficient of e projectile, based on 
the shape of the projectile. Sometimes 
called •‘coeffi ci e n t of form." See: ballistic 
coefficient. 

fragment, (frag) 1. A piece of an exploding 
or exploded bomb, projectile, or the like. 
2. To break into fragments. 

fragmentation, (frag) A term applied to 
ammunition, indicating that the item is 
primarily intended to produce a fragmen- 
tation effect 

fragmentation teat. Tut conducted to deter- 
mine the number end weight distribution, 
and where the method used permits, the 
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velocity end spatial distribution, of the 
fragments produced by a projectile or 
other munition upon detonation. Recovery 
of fragments, without determination of 
velocity or spatial distribution, can be ac- 
complished by fragmenting in sand or 
sawdust, or over water. Determination of 
velocity and spatial distribution requires 
elaborate recovery meanB and instrumen- 
tation. 


fragment density distribution. The number 
' of fragments per unit solid angle (stera- 

dien) . 

fragment mass diatribution. Spectrum of 
fragment weights produced by a shell or 

. warhead. 

fust. (not to be confused with the term 
fuze) 1. An igniting or explosive device 
in the form of a cord, consisting of a 
flexible fabric tube and a core of low *r 
high explosive. Used in blasting and dem- 
olition work, and in certain munitions. 
Fuse with black powder or other low ex- 
plosive core is called : fuae, blasting, time, 
i Fuse with PETN or other high explosive 

j con is callad: cord, detonating. 2. An 

electrical fuae. 

fuscisge. The body, of approximately stream- 
line form, of an aircraft or miaalle. It is 
the part to which the tail unit and wings 
(if included) are attached. 

| fusion. 1. atomic energy. Fusion, nuclear. 

2. optics. The mental blending of tha 
! right and left eye images into s single, 

| clear image by stereoscopic action. 

I fuaioo, nuclear. The fusing or uniting of the 

I atomic nuclei of an isotope, es those of 

■ deuterium, to form other nuclei under the 

1 influence of intense he»t. See: bomb, 

{ hydrogen. 

fuse. 1. A device with explosive components 
designed to initiate a train of Are or 
detonation in an item of ammunition, by 
an action such as hydrostatic pressure, 
electrical energy, chemical action, impact, 
mechanical time, or a combination of 

these. Excludes: fuss (as modified). 2. A 

non-explosive device designed to actuate 
another component by atmospheric pres- 


sure and/or temperature change, electrical 
energy, chemical action, physical impact, 
acceleration and/or deceleration forces, 
electromagnetic waves or pulses, and ex- 
ternal forces. 1 To equip an item of am- 
munition with a fuze. 

G 

gain. 1. radio. In an amplifying system, 
the increase of output power, voltage, or 
current over the input power, voltage, or 
current, expressed in tonus of a ratio. 2. 
radar. The difference, expressed os s 
ratio, between the power radiated by a 
directional antenna and the power radi- 
ated by an isotropic ante nn a, when both 
have on equal power output. 

gelatin block. A block of transparent gela- 
tin, the consistency of which is approxi- 
mately similar to human tissue. It is used 
to compare the lethality of bullets, frag- 
ments, and flechettes. 

Geneva Convention. An international agree- 
ment dealing with the humane treatment 
of combatants and noncombatants in time 
of war. Tha original Convention, signed 
at Geneva In 1864. concerned wounded 
soldiers and prisoners of war. Later 
amendments and revisions ex ten de d tha 
provisions to victims of maritime actions 
and to civilian populations. In 1949 exist- 
ing provisions were reformulated into four 
conventioua for the protection of war vic- 
tims. The U. S. hee been a signatory of 
the successive conventions, and since 1864 
the Convention has beau tha charter of 
the International Red Croat. 

grenade. A small expoaive or chemical mia- 
slls, originally designed to be thrown by 
hand, but now also designed to be pro- 
jected from special grenade launchers, 
usually fitted to rifles or carbines. Gre- 
nades may be classified in a broad sense as : 
grenade, hand; and grenade, rifle. Many 
varieties and variations of those have bean 
used, including a number of improvised 
ones. 

ground zero (GZ). The point on the earth’s 
surface at which, above which, or below 
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which, *n atomic detonation has actually 
occurred. 

guided An unmanned self-propelled 

vehicle, with or without & warhead de- 
signed to move in a trajectory .*»* iught 
path all or partially above the eartn'a sur- 
face, and whose trajectory or course, vhile 
in ilight. is capable of being controlled re- 
motely. or by homing systems, or by in- 
and/or programmed guidance from 
within. Excludes drones, torpedos, and 
rockets and other vehicles whose trajec- 
tory or course cannot be controlled while 
in iiighc. 

gum 1. General. A piece of ordnance con- 
sisting essentially of a tube or barrel, tor 
throwing projectiles by force, usually the 
force of an explosive, but sometimes that 
of compressed gas, spring, etc. The gen- 
eral term embraces such weapons as are 
sometimes specifically designated as gun, 
howitzer, mortar, cannon, firearm, rifle, 
shotgun, carbine, pistol, revolver. 2. 
Specif. A gun with reluLvely long' barrel, 
usually ever SO calibers, with relatively 
luph initial velocity, and capable of being 
fired at low angles of elevation. 

Gurney constant A factor for use in Gurney 
formulas, which is constant for eai.h er> 
plosive, but which varies with different 
expiosh as, It is expressed in feet pur sec- 
ond. See: Gurney formulas. 

Gurney formulas. A series of formulas. eac~ 
formula c o rresp o nding to s particular 
geometry of the container, which enables 
quite accurst* prediction of the Initial 
fragment velocity. The velocity is depend- 
ent on the geometry, the explosive used, 
and the ratio of the explosive charge and 
metal weights. 

GZ (oh bn). Ground Zero. 

H 

HE (abbr.). High explosive. 

HEAT, HE, AT («6br.). (often pronounced 
as a word) Originally so abbreviation for 
high explosive antitank. A term used to 
designate high e-plosive ammunition con- 


taining; a shaped charge. See: charge, 
shaped. 

HEP (abbr.) . (often pronounced ra a word) 
An abbreviation for high-explosive plastic, 
sometimes called s "squash charge". A 
term used to designate ammunition (usual- 
ly used against tanks and reinforced struc- 
tures) which resembles an ordinary HE 
shell, but the explosive component is a 
plastic explosive. This plastic deforms on 
impact, resulting in an intimate contact 
of the explosive with the target surface, 
thereby causing much greater shock waves 
than other types of explosives, resulting 
in spalling of the opposite surface. 

high exphw.ve. (HE) An explosive which, 
when used in its normal manner, detonates 
rather than deflagrating or burning; that 
is, the rate of advance of the reaction son* 
into the unraactod material exceeds the 
velocity of sound in the unremeted ma- 
terial Whether an explosive reacts as a 
high explosive or as a low explosive de- 
pends on the manner in which it is initi- 
ated and confined. For example, a double- 
base propellant when Initiated in the usual 
manner is a low explosive. However, this 
material can be made to detonate if the 
propellant is initiated by an intense shock. 
Conversely, a high explosive like TNT, 
under certain conditions, can be ignited by 
flame and will burn witliout detonating. 
High explosives are divided into two 
classes: primary high wcploaives and sec- 
ondary high explosives, according to their 
sensitivity to heat and shock. 

high-older detonation. See: d etwl ioa. 

1 

UUmiaant campooiiiea. A mixture of ma- 
terials suitable f or use in tho candle of a 
pyrotechnic device, having production of 
high intensity light as its principal func- 
tion. The materials used Include a fuel 
(reducing agent), an oxidizing "gent, and 
a binder, plus color intonaifler and water- 
proofing agent Tho mixture is loaded 


under pressure in a container to form the 
illuminant candle. 

iliemimUia g . Indicates, in ammunition no- 
menclature, that the munition is intended 
primarily for Humiliating purposes. Us- 
ually contains a flare, and may contain a 
parachuti for suspension in the air. 

impulse. A vector quantity defined by the 
time integral of the force F acting or a 
particle over a finite interval, 



for the interval from t, to t». 

Specifically, with respect to blast wives, 
“impulse" refers to the time integral of 
pressure. 

initial ra di ation. The nuclear radiation ac- 
companying an atomic explosion and 
emitted from the resultant fireball; im- 
mediate radiation. It includes the neu- 
trons and gamma rays given off at the 
instant of the explosion, and the alpha, 
bata, and gamma rays emitted in the ris- 
ing fireball and the column of smoke. In 
contrast to residual radiation, its delivery 
to persons and objecta on the earth’s sur- 
face is terminated by the removal of the 
source (fission products in the atomic 
cloud), from within effective radiation 
range of the earth, by the rising cloud. 

J 

Jam. L Of a machine gun, full-automatic, 
semiautomatic or other firearm: To stick 
or become inoperative because of improper 
loading, ejection, or the tike. 2. To nuke 
the tninamiaaiona of a radio unintelligible; 
to make a radio or radar set ineffective, 
either by the use of counter-transmissions 
or by the use of s confusion reflector. 
Ste: electronic Jamming. 

Jet. ?. As pertains to shaped chargv ammu- 
nition - a. From a lined charge: The slen- 
der, gsnaraiiy fastest-moving part of a 
liaar after coHapeo. b. From an nnllned 
slurped charge: The central stream of 
high-velocity gates produced upon detona- 
tion. 2. A jet engine. 3. A jet airplane 


jet breakup. A a pertains to shaped charge 
ammunition: Breaking of jet into discrete 
particles. The time of breakup is a factor 
in effective penetration. Bifurcation: re- 
dial breakup of the jet into two distinct 
jets. Polyfurcation: radial breakup of the 
jet resulting in throe or more distinct jets. 

K 

Kelvin scale. (K) A temperature scale that 
uses centigrade degrees, but makes the 
zero degree signify absolute zero. In this 
scale, water freezes at plus 273.16 degrees 
and boils at 373.16 degree*. This seals is 
named after the first Baron Kelvin (1824- 
1907) , an English mathematical phyacist 

kiloton. (KT) Refers to the energy released 
of a thousand tons of TNT, where 1 ton 
equals 2,000 pounds, and where the energy 
content of TNT is defined as 1,100 calo- 
ries/gram. 

kinetic energy ammunition. Ammunition do- 
signed to inflict damage to fortifications, 
armored vehicles, or ships by reason of the 
kinetic energy of the missile upm impact 
The damage may consist of shattering, 
spalling (which see), or piercing. The 
missile may he solid, or may contain an 
explosive charge intended to function after 
penetration. 

Kirfcwood-Briakicy's theory, in terminal bal- 
listics, a theory formulating the scaling 
laws from which the offset of blast at high 
altitudes may be inferred, bared upon ob- 
served results at ground lareL Stt: stal- 
ing law, and Sack’s theory. 

L 

lethal area. In terminal ballistics, a figure of 
merit having the dimension of urea, which 
permits prediction of the number of cas- 
ualties a missile may be expected to pro- 
duce when employed under specified con- 
ditions. An equation haabeeo evolved stat- 
ing the relationship between the lethal 
area and the numerous facials affecting its 
numerical value. 

lethality criteria. Stt: casualty criteria. 

lew-order detonation. See; detonation. 


M 

SUch front. A Mach stun. 

Mach atm. A ahock wave or front formed 
above the surface of the berth by the fu- 
sion of direct and reflected shock waves 
resulting: from an airburst bomb. Also 
called “Mach wave” and “Mach front” 
megaton. (MT) Refers to the energy release 
of a million tons of TNT (10 u calories). 
Msv (abbr.). Million electron-volts. Some- 
time* abbr. MEV, 

mine. 1. An encased explosive or chemical 
charge designed to be placed in position 
so that it detonates when its target 
touches it, or moves near it or when 
touched-off by remote control. General 
types are: land mine, and underwater 
mine. 2. An explosive charge placed in a 
subterranean tunnel under a fortification. 
X To place mines or prepared charges, 
missile (msl). t Any object that is, or is 
designed to be, thrown, dropped, projected, 
or propelled, for the purpose of making it 
strike a target 2. A guided missile (which 
see). 1 A ballistic missile (which see). 
Mlswy-Schardia elect The acceleration of 
a solid end-plate (usually metai) from the 
face of an explosive charge uniter detona- 
tion, such that the end-plate remains a 
solid and is usable as a missile. 
maaoBoqus. A type of airplane construction 
in which the skin of the fuselage bean 
tha primary stresses aritiuj in the fuse- 
lage. 

N 

Napalm. (NP) L Aluminum soap in powder 
form, used to gelatinize oil or gaeolina for 
use in Napalm bomfaf or flame throwers. 
£ The resultan t, gelatinised substanc e 
nuclear energy. Energy held within the nu- 
cleus of «n atom, released in part in cer- 
tain other elements by the process of 
nuclear fusion. In the restrictive sense, 
that part of this energy that is released 
by fission or fusion. In nuclear fission, tha 
enargy nleaiad comes from the atomic 


nucleus being split, resulting in the emis- 
sion of nuclear particles, such as neutrons, 
the alpha particle, or the beta particle. In 
nuclear fusion, the combining atomic 
nuclei fail to utilize their entire atomic 
mass in forming the new nucleus, the un- 
used mass being converted into energy, 
nuclear fission. See: fission, nuclear, 
nuclear fusion. See; fusion, nuclear, 
nuclear weapon. A bomb, projectile, missile, 
or the like that carries a nuclear warhead. 
Also, the warhead itself. 

0 

ogive. The curved or tapered front of a pro- 
jectile. As a geometrical body, a convex 
solid of revolution in which the generating 
area is bounded by an arc of a circle, the 
center of which lies on the aide of the axis 
at revolution opposite to tilt arc. When 
applied to a projectile contour, the radius 
of the arc is expressed in calibers, such as 
a “7-caliber ogivi ” With a bullet, bomb, 
or other projectile having a fuse forming 
the noee, the ogive is included between a 
point where the projectile begins to curve, 
or taper, and a point on the Une where 
fuze and body meet In other types of 
projectiles, the now of the projectile is 
iucluded as a part of the ogive. 

Ordnance Proof MaancL (OPM) A manual 
whose purpose Is to simplify, codify, and 
standardize proof technique and to provide 
a guide for those who plan, execute, or 
analyze proof work on ordnance materiel. 
The m anual includes a discussion, In detail, 
at basic principles, related facts, and spe- 
cific instructions relating to: classification 
uf testa ; examples of teat programs on all 
classes or types of ordnance materiel; 
proof technique, including tha detail oper- 
ation of proof facilities; the methods of 
reductions of proof data, calculations per- 
formed, the evaluation of testa, and in- 
structions for preparation of proof reports. 

overmatching plate. Armor plate whew 
thickness exceeds the diameter of the pro- 
jectile. 
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overmatching projectile. A projectile whose 
diameter exceeds the thickness of the 
amor plate. 

P 

partial penetration. Penetration obtained 
when a projectile fails to pass through the 
target far enough for either the projectile 
itself, or light from its penetration, to be 
seen from the back of the target; Amy 
partial penetration. See: complete pane* 
tration, prolection complete penetration, 
passive armor. A protective device against 
shaped charge ammunition. Designed to 
absorb the energy of a shaped charge. Ex* 
amplas: spaced amor, homogeneous mate- 
rials, plastic armors, composite designs, 
peak overpressure. The highest overpres- 
sure resulting from the blast wavo. Peak 
overpressures near the fireball of an 
atomic explosion are very high, but drop 
off rapidly as the blast wave travels along 
the ground outward from ground zero, 
penumbra. The space of partial illumination, 
as in an eclipse, between the umbra (per- 
fect shadow) and the full light, 
piezoelectric. The property of certain crys- 
tals to develop electrical charge or poten- 
tial difference across certain crystal faces, 
when subjected to a strain by mechanical 
forces or, conversely, to produce a me- 
chanical force when a voltage is applied 
across the materiel. Examples of piezo- 
electric materials are quartz, tourmalins, 
Rochelle salts, and barium Utsnste. 
pitch. An angular displacement about an 
axis parallel to the laterci axis of an air- 
frame or vehicle. 

p ro e— t od arse. That area of a target normal 
to the flight path of a projectile, 
p r as n ue, dynamic. The pressure exerted by 
a gas, liquid, or solid solely by virtue of 
its relative motion when it strikes an ob- 
ject. For example, in e pitot-static tube, 
dynamic pressure is that part of the im- 
pact pressure derived from the relative 
motion of the sir, as distinguished from 
that derived from atmospheric pressure. 


primary blast injuries. Those injuries In- 
curred as a direct result of the pressures 
of the blast or shock wave, 
projectile, (proj) L General. A body pro- 
jected by exterior force and continuing in 
motion by its own inertia. 2. Specif. A 
missile (which aee) for use in any type of 
gun (which see). In the general sense, the 
term is sometimes applied to rockets and 
guided missiles, although they may not 
fall within the stated definition. In sense 
2, the term projectile is preferred over 
shell, shot, and the like, in official nomen- 
clature. 

projectile, arrow. A relatively long projectile 
which is designed to be fired from a gun 
of a caliber considerably larger than the 
diameter of the projectile body. It is sta- 
bilized by fins having a spaa approxi- 
mately that of a caliber of the.gun. This 
design is made for the purpose of increas- 
ing the velocity, to decrease the time of 
flight, and/or increase the striking energy 
of the projectile. 

protection complete penetration. Penetration 
in which e fragment or fragments of 
either the impacting projectile or the plate 
are thrown to the roar of the plate with 
sufficient energy to perforate e .020-inch 
aluminum-alloy, 24ST, sheet, or its equiva- 
lent, when placed so as to receive those 
fragments passing from the roar of the 
plate. The “Protection Criterion.’' When 
it is possible to observe that three condi- 
tions an being met without the use of the 
sheet, as in heavier plate tasting, the sheet 
mey be omitted. 

protection partial penetration. Penetration 
which approaches but doss not fulfill the 
requirements for protection complete pen- 
etration. 

R 

RAD. (from radiation absorbed does) A 
unit of abs o r b ed dose of mixing radiation. 
The RAD, 100 erga/gmm, is a measure 
of the energy imparted to matter by ionis- 
ing radiation, per unit maw of irradiated 
material, at the place of interest 
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radiation. 1. T v * transmission of energy 
through space in the form of electronic 
wave*. Z Nuclear radiation, 
radiation absorbed done { dotage) . (RAD) 
The total quantity of ionising radiation 
absorbed by an individual or any mass of 
material exposed to radiation. If the radi- 
ation is X, or gamma, and the mass is 
free air, the unit of measure is the roent- 
gen. 

radiation dosage. Total quantity of radiation 
to which a person is exposed over a period 
of time. It is measured in roentgens, 
radiation dose rate. The radiation dose (dos- 
age) absorbed per unit time. The common 
unit of measure for X or gamma radiation 
ia roentgen or milliroentgen per hour, 
radiation intensity. The amount of radian* 
energy, per unit time, passing through s 
unit eras perpendicular to the line of prop- 
agation, at the point in question. This 
term is often used incorrectly when dose 
rate ia intended. 

radiography. Nondestructive examination of 
matter by means of X-rays or gamma 
raya. The raya an permitted to impinge 
on a fluorescent screen for temporary 
work, or photographic film for permanent 
record. Used in metal industry, research, 
and analysis, for purposes such as deter- 
mining the so'indneaa of castings and 
welded joints. 

radiological warfare. The employment of 
agents or weapons to produce residual 
radioactive contamination, as dlatin- 
guishad from the Initial effects of a nu- 
clear explosion (blast, thermal, and initial 
nuclear radiation). 

scale. (R) A thermometer scale 
which uses Fahrenheit degrees, with sero 
as absolute zero of the Fahrenheit scale. 
Hie freezing point of water is 491.69 de- 
gree?. 

rarefaction. In an atomic bomb explosion, a 
condition existing at the center of the 
explosion, in which the pressure, after a 
rise lwd"**d by the explosion, drops below 
that which sal .tad prior to the explosion. 


rarefaction wave. A pi assure wave, or rush 
of air or water, induced by rarefaction. The 
rarefaction wave (also called a auction 
wave) travels in the opposite direction to 
that of the shock wave directly following 
the explosion. 

raster. A system of luminescent lines traced 
on the phosphor of a cathode-ray tube by 
motion of the cathode- ray beam. The 
changes of brightness in the lines produce 
a picture as a television picture or a radar 
map. This word is of German origin and 
ia used particularly in television. 

REM (abbr.). Roentgen equivalent mammal. 

residual radiation. Nuclear radiation emittad 
by the radioactive material deposited after 
an atomic buret, or after an attack with 
radiological warfare agents. Following an 
atomic burst, the radioactive residue ia in 
«i.e form of fission products, unflasionad 
nuclear material, and material, such as 
earth, water, and exposed equipment, in 
which radioactivity may have been in- 
duced by neutron bombardment 

racket An unmanned, self-propelled vehicle 
with or without a warhead, designed to 
travel above the surface of tho earth, and 
whose trajectory or course, while In flight 
cannot be controlled. Excludes guided mis- 
sile end other vehicles whose trajectory 
or course, while in flight, can be controlled 
remotely, or by homing systems, or by 
inertial and/or programmed guidance 
from within. 

roentgen. A measure of ionization produced 
by X-ray or gamma radiation. The unit 
of measurement of radiation in terms of 
ita effect on human beings- This is te chnl - 
ually defined as the amount of X or gamma 
radiation which as a result of I oni sat i o n 
will produce, in 1 cubic centimeter of dry 
air at standard conditions of temperature 
and pressure, ions carrying 1 electrostatic 
unit of electricity of either sign. 

roentgen equivalent manmal. (REM) The 
quantity of any type of ionising radiation 
which, when absorbed by a m a mm al, pro- 
duces an effective equivalent to the ab- 
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sorption by the mammal of one roentgen 
of X or gamma radiation. 

rolL An angular displacement about an axis 
parallel to the longitudinal axis of an air- 
fraraa or a missile. 

S 

sabot. Lightweight carrier in which a sub- 
caliber projectile is centered to permit 
firing the projectile in the larger caliber 
weapon. The sabot diameter fills the bore 
of the weapon from which the projectile 
is fired. One type of sabot, discarded a 
_ short distaure from the muzzle, iB known 
as a “discarding sabot.” A sabot is used 
with a high velocity armcr-piercing pro- 
jectile having a tungsten carbide core; in 
this case, the core may be considered as 
the subcallber projectile. 

Sach’s theory. An alternate theory to Kirk- 
wood-Brinkley'a theory, embodying scal- 
ing laws by which the effect of blast at 
high altitudee may be inferred from the 
reaulta at ground level. 

soling law. A formula which permits the 
calculation of some property for a given 
article based on data obtained from a simi- 
lar, but different size, article; e^., crater 
size, nuclear radiation, etc., for a nuclear 
warhead of any yield, from the known 
values for another yield. 

secondary blast injuries. Those injuries sus- 
tained from the indirect effects of s blast ; 
such as falling rubble from a collapsed 
> building, or missiles (debris or objects) 

! which have been picked up by the blest 

winds generated and hurled against an 

! individual. Also includes injuries resulting 

I from individuals being hurled against sta- 

I tionary objects. 

shock resistance. Armor. That property 
which prevents cracking or general nip-- 
tun when impacted by fragments, irregu- 
lar projectiles, or glancing blows from 
overmatching projectiles. See; shock test. 

shock test Armor plats. The test to deter- 
mine if the armor will fail under impacts 


of overmatching projectiles. Also called 
ballistic shock test. 

shock wave. The steep, frontal compression, 
or pressure discontinuity, rapidly advanc- 
ing through a medium aa the consequence 
of a sudden application of pressure to the 
medium. Its form depends on the magni- 
tude of the pressure, and the displacement 
of the medium, aa the wave progreases. 
In soil, the shock wave is commonly re- 
ferred to as the grourd shock; in water, 
the water shock ; and in air, the air blast 
or blast wave. 

shock wave, reflected. A shock wave result- 
ing from an explosion, especially from the 
explosion of an airburst bomb, which is 
reflected from a surface or object. 

shot. 1 ju A solid projectile for cannon, with- 
out a bursting charge, b. A mass or load 
of numerous, relatively small, lead pellets 
used in s shotgun, as birds hot or buckshot 
2. That which is ' rod from a gun as "the 
first shoe was over the target” In sense 
1 a, the terra “projectile” is preferred for 
uniformity in nomenclature. 

side spray. Fragments of a bunting projec- 
tile thrown sidewise from the line of flight 
in contrast with base spray, thrown to the 
rear, and nose spray, thrown to the front 

skirting armor. See; skirtiag piste, spaced 
aTiuor. 

skirting plate. A thin plate, which is spaced 
e considerable distance in front of the 
main armor plate and which acta as a 
passive form of resis ta nc e to the jet of 
shaped charge ammunition. 

■paced armor. An arrangement of armor 
(date, using two or more thicknesses, each 
thickness spared from the adjoining one. 
Used u protective device, particularly 
against shaped charge ammunition. 

■ spall. Fragment (s) torn from either surface 
of armor plate, such as might result from 
the impact of kinetic energy ammunition 
or the functioning of shaped charge am- 
munition. 

spalling. Production of a spall (s). 
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spall mliliacc. That property of armor 
which prevents 'she armor from projecting 
•palls into the armored vehic'e when 
•truck by a proj^tilt. 

■par. Any principal structural member in an 
airfoil; eap. in a wing, running from tip 
to tip or from root to tip. 

spectroscope. An optical instrument de- 
signed to brea , the light from a source 
into its conititu ut wave lengths for the 
observation of apectra, thus providing a 
means of qualitative or quantitative atudy 
of the spectrum formed. The instrument 
essentially consists of a slit, a tens system, 
a dispersion system, and an observation 
system. 

■pin stabilization. Method of stabilizing a 
projectile during flight by causing it to 
rotate about lta own longitudinal axiu. 

stabilizer. Any airioil, or any combination 
of airfoils considered as a single unit, the 
primary function of which is to give sta- 
bility to an aircraft or miasils. 

Standard Atmosphere. Since the resistance 
of the air to a projectile depends upon the 
wind, the dsnaity, and the temperature, 
it is convenient to assume, as a point of 
departure in computing tiring tables, a 
wind, density and temperature structure 
for this purpose. A sort of average or 
representative air structure so derived is 
called “a standard atmosphere.’* The 
standard atmosphere for the United 
States Armed Services is the U. S. Stand- 
ard Atmosphere, which ia that of the In- 
ternational Civil Aviation Organization 
(ICAO). This standard atmosphere as- 
sumes a ground pressure of 760 milli- 
meter' of mercury and a ground tempera- 
ture at 10° C. The temperature through- 
out the troposphere, that is, the region 
where turbulent mixing takes place, ex- 
tending up to 11 kilometer, is givsn by 
tha formula 

absolute temperature T (° K) = 

288.16 - 6.6 H 

where H ia the height above sea level 
measured in kilometers. In the strato- 


sphere, extending from 11 kilometers 
to 26 kilometers, the temperature ia 
assumed to be a constant 216.66° K. 
Above the stratosphere, other laws are 
assumed. Although the ICAO atmosphere 
makes no assumptions about wind sU 
ture, for firing table purposes it is as- 
sumed that there ia no wind. 

standard deviation. In the field of testing, a 
measure of the deviation of the individual 
values of a series from their mean value. 
The standard deviation is expressed alge- 
braically by the formula 



where 5 (sigma) means the sum of, x 
equals the deviation from the mean, and 
N equals the number of scores or individ- 
uals in the distribution. For example, let 
us assume a distribution ol 5, with scores 
of 2. 4. 6, 8, and 10. The mean of these 
scores is 6, the deviations --4, —2, 0, +2, 
and +4. Each, squared, gives 16, 4, 0, 4, 
and 16. Tha sum of thasa is 40, which 
divided by 6 makes 8. The square root of 
8 is 2.82. This is the standard deviation. 
Other methods of arriving at the standard 
deviation are used, but they go back to 
the formula shown. 

standoff distance. The distance between the 
base of a shaped charge liner and the 
surface of a target. 

T 

terminal ballistics. The atudy of terminal 

, ballistics is concerned with developing sn 
understanding of the fundamental prin- 
ciples underlying the destructive effects of 
weapons on targets. Knowledge so gained 
ia applied, offensively, to the improvement 
of various weapons systems, ranging from 
rifles and hand grenades carried by 
soldiers to nuclear warheads carried by 
ICBM’a, and defensively, to the improve- 
ment of protective devices, such as body 
armor for soldiers, protective armor for 
ground, air-borne and space vehicles, and 
ground structure!, permanent and tern- 
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porary. Both experimental and theoretical 
investigations are carried out in the fields 
of blast, detonation phenomena, penetra- 
tion of fragments and bullets into various 
media under study, and ground shock, 
combustion, and nuclear radiation, 
thermonuclear. Of or pertaining to nuclear 
reactions or processes caused by heat, esp 
to nuclear fusion caused by the intense 
heat of an atomic bomb explosion. (See: 
fusion, nuclear.) 

TNT. ( abbr ). Trinitrotoluene (trinitroto- 
luol). This explosive It better known by 
its abbreviation than by its chemical 
name. See: trinitrotoluene, 
trinitrotoluene. (TNT) High explosive 
widely used as explosive filler in munitions 
and by engineers ; trinitrotoluol; TNT. 
tungsten carbide core. The heavy, hard con 
used in high-velocity armor-piercing type 
projectiles. 

turbulence. A condition in the airflow , ;out 
a wing, or other airfoil, in which different 
velocities and pressures are laterally 
mixed between layers of the airflow. 

U 

ultraviolet Outside the visible spectrum, it 
the violet end; higher in frequency tgan 
visible light. The opposite of “infrared." 
Said of light rays, frequencies; hence, 
‘^ultraviolet light” 


space and time. In a general sense, it 
includes the payload plus the missile sec- 
tion surrounding the payload, and its 
related components. In a specific sense, 
it refers to the payload only; in which 
case the complete missile paVload assem- 
bly is called a warhead section. Warheads 
may be categorized as high explosive, 
chemical, nuclear, ballast, etc. In Hie cane 
of nuclear warheads (sometimes referred 
to as special warheads) , the term warhead 
refers to the nuclear weapon proper. This, 
along with the kit which adapts the nu- 
clear weapon proper to the miasilc war- 
head application, and the miasile warhead 
compartment, makes up the complete war- 
head section. 

wave length. The distance traveled in ons 
period or cycle by a periodic disturbance. 

S the distance between corresponding 
s of two consecutive waves of a 
train. A wave length is the quotient 
of velocity divided by frequency. 

ve shaper. Pertaining to explosives, an 
insert or core of inert material, or of ex- 
plosives having different detonation rates, 
used for changing the shape of the detona- 
tion wave. 

wound ballistics. That portion of terminal 
ballistics specializing in the effect of bul- 
lets and fragments in wounding personnel, 
and in the factors producing disabling 
injuries. See: casualty criteria. 



V 

vulnerable tree. The product of: (1) the 
probability that a projectile striking a 
target wi!l cause disabling damage; and 
(2) the presented area of the target. 

W 

war gas. Toxic or irritant chemical agent 
regardless of its physical state, whose 
properties may be effectively exploited in 
the field of war. 

warhead. Rocket and guided miseile: That 
portion which is the payload the vehicle 
ie to deliver to a predetermined point in 


Y 

yaw. 1. The angle between the direction of 
motion of a projectile and the axis of the 
projectile, referred to either as “yaw,” 
or, more completely, as “angle of yaw.” 
The angle of yaw increases with time of 
(light in an unstable projectile, and de- 
creases to a constant value called the “yaw 
of repose," or the “repose angle of yaw,” 
In a stable projectile. 2. Angular displace- 
ment about an axis parallel to the normal 
axis of an aircraft, guided missile or the 
like. 

yield. Also known as energy yield. The total 
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effective energy released in a nuclear (or 
atomic) explosion. It is usually expressed 
in terms of the equivalent tonnage of TNT 
required to produce the same energy re- 
lease in an explosion. The total energy 
yield is manifested as nuclear radiation, 


thermal radiation, and shock (or blast) 
energy; the actual distribution being de- 
p endent upon the medium in which the 
explosion occurs (primarily), and also 
upon the type of weapon and the time 
after detonation. 
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